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MOLECULAR MEDICINE IN STAGING AND 

RESTAGING OF PROSTATE CANCER 

A. J. BREEUWSMA 



STELLINGEN BEHORENDE BU HET PROEFSCHRIFT 

MOLECULAR MEDICINE IN STAGING AND 

RESTAGING OF PROSTATE CANCER 

1. De mate van proliferatie in humaan prostaatcarcinoom is niet gecorreleerd aan de in vivo 

opname van 11C-choline (dit proefschrift) 

2. Het serieel meten van botformatiemerkstoffen in het serum van patienten met 

prostaatcarcinoom draagt bij aan de vroegdiagnostiek van botmetastasen (dit proefschrift) 

3. Bij het opsporen van botmetastasen bij patienten met prostaatcarcinoom biedt natrium 

[
18F]fluoride PET vergeleken met botscintigrafie geen voordeel (dit proefschrift) 

4. Bij prostaatkankerpatienten met een PSA < 20 ng/ ml en een verhoogd risico op 

botmetastasen (Gleasonsomscore > 7) schieten zowel natrium [18F]fl.uoride PET als 

botscintigrafie tekort (dit proefschrift) 

5. Bij prostaatkankerpatienten met een biochemisch recidief na uitwendige radiotherapie kan 

met behulp van 11C-choline PET de locatie van het recidief bepaald warden (dit 

proefschrift) 

6. Bij prostaatkankerpatienten met een biochemisch recidief na radicale prostatectomie met 

PSA waarden <1 ng/ml is het niet mogelijk om met behulp van 11C-choline PET de 

locatie van het recidief aan te tonen (dit proefschrift) 

7. Een PSA stijging tijdens de Tour mag met een gerust hart onder de PET warden 

gehouden 

8. Lang van stof zijn is het gevolg van onvoldoende tijd nemen voor een kart verhaal 

9. De meeste Afrikaanse dictators begonnen hun loopbaan op democratische wijze 

10. De naar groente klinkende term 'aubergine sign' heeft betrekking op vlees 

11. Waar je staat hangt af van waar je zit 

12. If you're overdressed you feel ridiculous, if you're underdressed you are ridiculous (Viktor 

& Ro!/) 

13. The harder you work, the luckier you get (Gary Plqyer) 
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Chapter 1 

Introduction 

Prostate cancer is one of the most frequently occurring cancers in the world. Its incidence 

increases yearly. In the Netherlands it is the second malignancy in males after lung cancer with 

approximately 9000 new patients a year. Mortality of prostate cancer is approximately one third 

of the incidence. Most often only elevated serum PSA levels give rise to further assessment for 

both primary and recurrent prostate cancer. 7 5% of patients present with localized disease. 

Prognosis is dependent on accurate staging and treatment selection. Prediction of the presence or 

absence of tumor and metastases, determination of tumor stage and grade is crucial for the 

planning of treatment. Widely used transrectal ultrasound in combination with biopsies gives 

accurate diagnosis and grading in the prostate itself. However determination of capsular 

penetration and metastases detection has remained a challenge with current imaging modalities. 

Conventional imaging techniques (CT, MRI, and Ultrasound) lack sensitivity and specificity in 

detection of both recurrent tumors as well metastases in lymph nodes. With addition of an 

endocoil and ultra small super paramagnetic iron oxide particles an increased sensitivity of MRI 

in local staging and detection of lymph nodes was achieved (1 ). 

In general, localised prostate cancer can be treated with curative intent. At the moment radical 

prostatectomy, laparoscopic or open, is applied to patients with locally confined non

disseminated disease (T1-T2 NO MO). In patients that cannot undergo radical surgery, 

radiotherapy is indicated. Depending on stage and grade adjuvant hormonal therapy can be 

employed. In patients with locally advanced (T3) or limited disseminated disease to lymph nodes 

mostly radiotherapy with adjuvant hormonal therapy is used. Non-curative treatment in the form 

of hormonal treatment is given to patients with extensive and disseminated disease. Currently 

there is however not clear if patients should be treated immediately at time of diagnosis and 

staging. 

On the basis of earlier studies positron emission tomography (PET) has already proven to be a 

promising technique for tumor detection and for (re) staging in prostate cancer using 11C-choline, 

a radiopharmaceutical not excreted in urine (2). The mechanism of uptake of choline in prostate 

cancer has not completely been elucidated. Uptake in the cell membrane (as surrogate marker for 

cell proliferation) is proposed as well as an increased expression of choline kinase in tumor cells. 
11C-choline PET showed a sensitivity and specificity of 80% and 93% respectively in detection of 

metastatic lymph nodes. Next, 1 1C-choline PET proved feasible in evaluation after radical 
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prostatectomy and after external beam radiotherapy but larger series are needed to validate its 

accuracy and clinical value. 

Although 99mTc-labeled diphosphonates are routinely being used for assessing bone metastases, 

its specificity and sensitivity in the axial skeleton is limited as opposed to peripheral bones. Few 

studies have already indicated that sodium [18F]-fluoride PET is more accurate compared to bone 

scintigraphy in detection of bone metastases in patients with lung and breast cancer (3;4). As 

prostate cancer patients show a high incidence of bone metastases in its disease course, with a 

preference for red bone marrow in axial skeleton and in ribs, sodium (18F]-fluoride PET could be 

more accurate than routine bone scintigraphy. From this point of view and as a potential target 

for evaluation of treatment of bone metastases biochemical parameters, such as bone markers 

could also be used in evaluating patients for bone metastases. 

Aim of th is thesis 

The aim of this thesis is to investigate the value of PET tracer development and its application in 

prostate cancer. Both 11C-choline and sodium [18F]-fluoride PET, could become valuable 

12 diagnostic tools in primary staging and in re-staging in case of treatment failure. For this an 

increased knowledge about the mechanism of uptake of choline in prostate cancer would be 

welcomed. Next the clinical application of PET using choline or sodium (18F]-fluoride PET in 

well defined cohort studies are needed and are the mainframe of this thesis. In this thesis the 

following questions are addressed: 

1 )  is choline a marker of cell proliferation in prostate cancer? 

2) can bone markers be used to predict the development of bone metastases before imaging? 

3) is sodium [18F]-fluoride PET able to detect bone metastases in prostate cancer and how does 

this technique compare to nuclear bone scan and axial skeleton MRI? 

4) is 11C-choline PET an accurate technique to identify recurrent prostate cancer in patients with 

rising PSA after initial treatment with curative intent? 



Outline of this thesis 

Chapter 2 - a review of the literature available on PET with different tracers in newly diagnosed 

and recurrent prostate cancer is performed. 

In chapter 3 -This chapter investigates and compares histopathological cell proliferation 

(through Ki-67 labelling), Gleason sum and semi-quantitive measured uptake of 11C-choline PET 

with SUV's. 

Chapter 4 - To assess the diagnostic efficacy of early detection of skeletal metastases we 

retrospectively performed serial measurements of a bone formation marker (PINP) and a bone 

resorption marker (ICTP) in serum of patients with prostate cancer. 

Chapter 5 - sets out to determine if bone scanning as utilised in sodium [ 18FJ-fluoride PET is 

able to detect bone metastases in staging of newly diagnosed patients more accurately than 99mTc 

diphosphonate bone scintigraphy. Follow-up and axial skeleton MRJ are used as comparator. 

Chapter 6 - describes results of a prospective cohort study in 70 patients to determine the 

accuracy of 11C-choline PET to identify site of recurrence in patients with rising PSA after 

external beam radiotherapy (EBRT). PET is also compared with clinical parameters, PSA and 

PSA kinetics. 

In Chapter 7 - a similar cohort study is performed in 71 men exploring the accuracy of 11C

choline PET to identify site of recurrence in patients with rising PSA after radical prostatectomy 

(RP). Again PET is compared with clinical parameters, PSA and PSA kinetics. 

A summary of the results of the studies, described in this thesis with conclusions and direction of 

further research are given in Chapter 8. 

13 



14 

References 

(1 ) Harisinghani MG, Barentsz J, Hahn PF, Deserno WM, Tabatabaei S, van de Kaa CH, et al. 
Noninvasive detection of clinically occult lymph-node metastases in prostate cancer. N 
Engl] Med 2003 Jun 1 9;348(25):2491-9. 

(2) de Jong IJ, Pruim J, Elsinga PH, Vaalburg W, Mensink HJ. Visualization of prostate cancer 
with 11C-choline positron emission tomography. Eur Urol 2002 Jul;42(1 ):18-23. 

(3) Even-Sapir E, Metser U, Mishani E, Lievshitz G, Lerman H, Leibovitch I. The detection of 
bone metastases in patients with high-risk prostate cancer: 99mTc-MDP Planar bone 
scintigraphy, single- and multi-field-of-view SPECT, 18F-fluoride PET, and 18F-fluoride 
PET /CT. J Nucl Med 2006 Feb;47(2):287-97. 

(4) Schirrmeister H, Guhlmann A, Elsner K, Kotzerke J, Glatting G, Rentschler M, et al. 
Sensitivity in detecting osseous lesions depends on anatomic localization: planar bone 
scintigraphy versus 18F PET.J Nucl Med 1999 Oct;40(10):1623-9. 



Adapted from 

Positron Emission 

Tomography in Urology 

de Jong IJ, Breeuwsma AJ, Pruim J 

EAU-EBU Update Series, Volume 5, Issue 3, June 2007, Pages 93-104 



ABSTRACT 

Positron Emission Tomography has rapidly become available in many institutes throughout 

Europe during the last years. Also the clinical indications for PET have increased in this period, 

especially in the field of oncology and based on FDG PET. In this review paper an overview on 

the principles and an update on the developments of PET are given. Emphasis on the spectrum 

of current and newly developed radiopharmaceuticals in particular the possibilities on targeted 

imaging is discussed. Next we provide a brief summary of the current literature on the clinical 

results of PET in prostate cancer. 



Chapter 2 - REVIEW 

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

radioactively labeled 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. Since the substance is radioactively labelled the accumulation, and 

thus the distribution of the radiopharmaceutical, can be viewed on the outside of the body and be 

followed in time. So far, there is no difference with conventional nuclear medicine techniques. 

The main difference of PET versus conventional nuclear medicine is the type of (radio) isotope 

used. In conventional nuclear medicine, these radioisotopes are gamma-ray emitters. The energy 

of the gamma-rays is a characteristic of each radio-isotope. The most well known of these 

isotopes is 99mTc (technetium), bound to a large number of substances, e.g. to a diphosphonate. 

With the resulting 99mTc-labeled diphosphonate bone scans are being made, e.g. in the work-up of 

patients with cancer. 

In positron emission tomography a different type of radioisotopes is used positron emitters. 

These isotopes 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 is a 

particle with the mass of an electron, but with a positive charge. It should be considered the 'anti

matter' of an electron. 

The positron is expulsed from the nucleus with a certain kinetic energy and migrates through the 

tissue for a few millimetres, losing its kinetic energy when travelling. The distance travelled is 

depending on the isotope used. When the positron has come to a complete standstill it will form 

a positronium. Together with an electron in its vicinity the positronium will be annihilated 

instantly, a process in which the available mass of the particles is converted into energy following 

Einstein's formula E=mc2• It has been calculated that the energy present in this system is 1022 

kilo-electron Volts (keV). However, in order to fulfil the law on conservation of momentum, this 

energy is released as 2 gamma-photons with energy of 511 keV which are expulsed diametrically. 

In clinical practice the most often used positron emitters are relatively short-lived, cyclotron

produced. Examples are 18F, 150, 13N, and 11C. The last few years also other, often generator

produced, positron emitters are being introduced as 68Ga, 82Rb, 89Zr, and 1241. 

The radiation resulting from this 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 
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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, will undoubtedly 

be the future of PET-cameras. 

Second, the specific way of decay allows for a full correction of attenuation of the signal. One 

can imagine that a signal coming from the deep will be attenuated more than a signal coming 

from the surface as e.g. the skin. Attenuation can be measured by introducing an external 

radiation source in the gantry of the camera and comparing the counts obtained in an empty 

gantry with those obtained with the counts obtained with the patient present. A disadvantage is 

the relatively long time such a transmission scan for attenuation correction takes (approximately 

50% of the whole procedure). 

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

routine the combined PET-CT cameras. In these machines a CT-camera and a PET-camera are 

combined to one functional unit. In 1 session patients will undergo a CT-scan and a PET-scan 

directly after each other and thus both anatomical and metabolic information are obtained. The 

great advantage of these machines is that the metabolic process can be pinpointed to a certain 

anatomical location. Moreover, the CT-data can replace the transmission scanning for attenuation 

correction. Since CT-data are obtained in less than a minute, scanning time per patient can be 

reduced by approximately 50%. However, one has to realize that the CT and the PET-scan are 

obtained sequentially (be it with a short time interval), not simultaneously. Consequently, there is 

still the possibility of artefacts due to movement of the patient in between scans. A general 

tendency in tracer development is the search for more specific tracers, while not loosing 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. 



Radiopharmaceuticals in prostate cancer 

18F-FDG 

The most commonly used radiopharmaceutical for PET in oncology is 2-[1sF]fluoro-2-deoxy-d

glucose, also called fluorodeoxglucose or FDG. FDG is an analogue of glucose. It 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 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. 

The use of FDG in oncology is based on the observation that most cancer cells have a high 

expression of glut-1 transporters in the cell membrane[l]. Its use has been established in variety 

of carcinomas, e.g. lung cancer, colorectal cancer, and malignant lymphomas [2,3,4]. 

Despite the promising results of FDG, the substance also has some drawbacks. First, FDG is 

also taken up in inflammatory tissue, macrophages in particular [SJ. This phenomenon may 

hamper interpretation of images obtained and results in a reduction of specificity. Second, as 

FDG is not equal to glucose, the substance is not re-absorbed by the kidneys. As a result, 

accumulation of FDG in the bladder occurs, causing a high radiation dose to the bladder wall, 

and hampering interpretation of the pelvic areas. Bladder irrigation or forced diuresis in 

combination with an indwelling catheter only could solve a part of this problem of FDG PET. 

11C and 1BF -choline anatoges 

As it was shown that FDG is not suitable for clinical practice of prostate cancer, alternative 

tracers were developed. The first of these showing clinical potential was t tc -labeled 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 catalyzes the phosphorylation of choline), 

providing the rationale for the use of choline in oncological PET[6]. 

A major disadvantage of 11C-choline is the short half-life of 20.4 minutes. This short half-life will 

prohibit a widespread use of the tracer, as it is dependent on the presence of an on-site cyclotron 

for the production of 11C. This has led to the development of tsF-labeled analogues as tsF-methyl

choline and tsF-ethyl-choline. 
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11C-acetate 

The mechanism of increased 11e-acetate accumulation in cancer cells is yet unclear. It has been 

reported that increased 11e-acetate uptake in malignant tissue is caused by accelerated lipid 

synthesis. Based on the assumption that this increased lipid metabolism rate is associated with 

the accelerated cell membrane synthesis due to tumour growth, 11e-acetate may be an indicator of 

this metabolic pathway in cancer tissue[7]. 

Staging primary prostate cancer 

18P-PDG - Prostate cancer is the most researched urological tumour with PET. PDG is the most 

applied tracer in the oncological field. Its accumulation is dependent on the glycolytic activity of 

the tumour. However prostate cancer displays little glycolytic activity. The added effect of urinary 

excretion makes it very difficult to determine uptake of PDG in primary prostate cancer. Even 

under continuous bladder irrigation PDG was not able to distinguish between scar tissue, BPH 

and prostate carcinoma [8,9,10]. The detection of metastases of prostate cancer with PDG varies 

(20-65%) but uptake of PDG seems to signify progression of disease [10,1 1 ]. At the moment 

PDG does not seem to be the tracer of choice in the primary staging of prostate cancer. 

11e-acetate - Oyama and co-workers reported in a series of 22 patients that all primary prostate 

carcinoma could be visualized [12]. The main advantage over PDG is that prostate imaging could 

be achieved without hindrance by urinary excretion. In the same group of patients five presented 

with lymph node metastases detected with Acetate against 2 positive with PDG. However there 

seems to be an overlap in patient with uptake of acetate due to BPH and prostate carcinoma [12]. 

11e-choline - Several studies have confirmed that 11e-choline with PET is able to visualize 

carcinoma of the prostate although there is 'non specific' uptake observed in both benign 

hyperplasia as well as in high grade prostatic intraepithelial neoplasia [13,14,15,16]. 11e-choline 

has several advantages over PDG. Although bowel uptake can disturb reading, generally there is 

intense and clear uptake of choline in primary and metastatic prostate cancer. There is hardly any 

urinary excretion and its serum clearance is fast. The short half life of 11e does limit the 

application of this tracer to institutions with production systems. The application of tsp with 

choline could overcome this problem. However urinary excretion of tsp poses challenges in 

determining uptake of choline in urinary tumours. In a group of 67 patients preoperative staging 

revealed that of 15 patients positive on pelvic lymph node dissection (PLND) 12 had a positive 

choline PET scan (sensitivity 80%). The 3 false-negative findings are thought to be on the basis 



of micro metastases [17]. This inability to detect metastases is that the spatial resolution of 

current PET scanning is approximately 5 mm due to physical restraints of modern PET scanning. 

11C-methionine - At first the uptake of 11C-Methionine could be demonstrated in patients with 

prostate cancer [1 8]. In a more recent study in twenty patients with elevated PSA (average 

9,36 ng/ mL) a sensitivity in detection of tumour could be demonstrated in 75% of patients with 

repeat negative biopsies. In 5 patients with negative PET findings no carcinoma could be shown 

on biopsy [19]. 

18F-Fluorodihydrotestosteron (FDH1) - Ongoing research must further elucidate the knowledge 

of the role of the androgen receptor in prostate cancer. In an initial study performed in 7 patients 

a lesion to lesion comparison with FDG PET. FDHT showed 78% of lesions whereas FDG 

detected 97%. However an uptake decrease was noticed in patients with hormonal therapy which 

might indicate a use in therapy monitoring [20]. In another study of twenty patients, nineteen 

patients that had known metastases of which 12 patients showed positive scans (sensitivity 63%). 

These patients showed decreased uptake on flutarnide administration with repeat PET scan [21]. 

These results probably indicate that FDHT PET can be used to distinguish androgen dependent 

prostate cancer and undifferentiated forms. This could have implications for tailoring treatment 

in near future. 

Recurrent prostate cancer 

PSA relapse most commonly preludes clinical manifestations of recurrent or residual prostate 

cancer. This group of patients has a very varied outcome and therefore it is difficult to predict 

clinical significance. Ten years after prostatectomy 30-50% of patients show biochemical 

recurrence. The mean interval between biochemical recurrence and clinical symptoms is 

approximately 8 years. During this period imaging recurrent disease can be difficult [22]. 

11C-acetate - In the 31 patients studied by Kotzerke et al. it was shown that of the 18  patients 

with recurrence 11C-acetate PET identified 15 patients (83%) with recurrence. In the three false

negative cases patients had small recurrent lesions ( < 15 mm) [23]. These limitations were 

reproduced by Oyama et al. [24]. In this study 11C-acetate was compared with FDG PET. Fricke 

and co-workers showed that 1 1C-acetate was able to visualize 80% of local and distant recurrence 

whereas FDG demonstrated recurrence in only 66% of 25 patients. FDG (75%) was superior to 

11C-acetate in showing distant metastases (50%) [25]. 
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11C-choline - In a pilot study by de Jong et al. in 36 patients with 13 of the patients with 

biochemical recurrence, 11C-choline showed a sensitivity of 38% in detecting recurrence after 

radical prostatectomy. 11C-choline PET displayed a higher sensitivity in patients with biochemical 

recurrence after curative radiotherapy (7 of 9 patients) (Fig. 1 ). No positive PET-scans were 

obtained in patients with a serum PSA < 5 ng/ml [26]. Picchio et al. studied 100 patients with 

biochemical recurrence after radiotherapy (N = 77) and radical prostatectomy (N = 23) with 11C

choline and FDG. 11C-choline showed greater sensitivity (47%) compared to FDG (27%). Only 

one 11C-choline PET scan was false-negative [27]. 

Fig. 1 11C-chol ine PET and PET/CT fusion images in a patient with recurrent prostate cancer after external 

beam radiotherapy. A pathological lymph node is identified on PET and corresponds with the enlarged node 

i n  the right i l iac region. H istology confirmed the nodal metastases after PLND 

18F-fluorocholine - Heinisch et al. studied 34 patients with prostate cancer who had undergone 

initial local therapy using 1 8F-fluorocholine (FCH) PET /CT during follow-up in case of 

demonstrable or rising PSA levels. This study aimed at the use in patients with low PSA levels. In 

eight of 17  examinations ( 4 7%) with PSA < 5 ng/ ml, at least one FCH-positive focus was 

detected. Follow up and additional imaging and or histology confirmed recurrent prostate cancer 

in 7 /8 patients. In re-staging patients with prostate cancer, FCH PET /CT is able to yield true 

positive findings even at PSA < 5 ng/ ml [28]. But as long as the decision for salvage radiotherapy 

after radical prostatectomy is directed by a PSA at a level of 1 .0 ng/ ml the clinical utility of 

PET/ CT in stratification of patients has to be proven in the low PSA ranges. 

Distant metastases 

About 20% of patients presents with distant (bone) metastases. The incidence in hormone 

refractory prostate cancer patients reaches 100%. The current standard for screening is 

(di)phosphonate bone scanning. It has well-known high sensitivity and low specificity. It is 

becoming increasingly clear that as much as 1 7% of metastases are not seen on bone scanning 

[28,29]. One cause could be that for a positive bone scan there needs to be cortical involvement. 

Micro metastases do not cause this reaction at that time. 



FDG - Prostate cancer is considered as a cancer with false-negative results on FDG-PET. A 

limited number of studies have looked at FDG PET and bone metastases. In a study from Yeh et 

al only 18% of bone scan lesions were positive on FDG-PET [30]. Shreve et al evaluated 34 

patients in which PET was compared with the isotope bone scan, computed tomography (CT), 

and clinical follow up for the presence of skeletal metastases. FDG-PET identified 131 of 202 

untreated metastases in 22 patients with a sensitivity of 65%. In only 1 out of 7 patients receiving 

hormonal treatment FDG uptake was seen in only 4 of the 131 metastases seen on bone scan 

[1 O]. Although the authors concluded that FDG PET did not perform as well as bone 

scintigraphy in the identification of skeletal metastases, a question can be raised on the biological 

activity of FDG negative lesions. In a recent study by Morris et al. in 17  patients with progressive 

metastatic prostate cancer, bone scans were compared with FDG PET. Of 134 bone lesions 

considered to be metastases identified on either FDG-PET or bone scans, 95 were seen on both 

FDG-PET and bone scan whereas 8 were seen on FDG-PET only and 31 on bone scan only 

[31]. FDG-PET had a sensitivity of 77% in this group of progressive patients. The interest in this 

study was that all but one lesion seen on bone scan alone were "stable" on follow-up when 

compared with the baseline bone scan, whereas all FDG-PET lesions reflected active disease on 

subsequent studies. So the authors concluded that FDG-PET can discriminate active osseous 

disease from quiescent lesions on bone scintigraphy in patients with progressive metastatic 

prostate cancer. Future studies will be needed to answer the question if these FDG-PET negative 

but bone scan positive lesions have clinically relevancy. 

tsF-Fluoride - Sodium fluoride (NaF) can be been used in combination with PET for imaging of 

bone metastases using tsp as radioisotope (Fig. 2). Even-Sapir et al. studied tsF-Fluoride PET /CT 

in comparison with planar and SPECT bone scintigraphy in 44 patients with high-risk prostate 

cancer. 18F-Fluoride PET/CT is more sensitive and specific modality for detection of bone 

metastases. It is more specific than tsF-Fluoride PET alone and more sensitive and specific than 

planar and SPECT BS. Detection of bone metastases is improved by SPECT compared with 

planar bone scintigraphy and by 18F-Fluoride PET compared with SPECT. This added value of 

tsF-Fluoride PET /CT may beneficially impact the clinical management of patients with high-risk 

prostate cancer and a negative bone scan [32]. 
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Fig. 2. 18F-fluoride PET showing mu ltiple bone metastases in a patient with prostate cancer 
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ABSTRACT 

Purpose: Prostate cancer is the second leading cause of death from cancer among US men. 

Positron emission tomography (PET) with [1 l C]choline has been shown to be useful in the 

staging and detection of prostate cancer. The background of the increased uptake of choline in 

human prostate cancer is not completely understood. The aim of this study was to prospectively 

investigate the relationship between the [1 l C]choline uptake and the cell proliferation in human 

prostate cancer. Methods: Prostate cancer tissue from 18  patients who had undergone a radical 

prostatectomy for histologically proven disease was studied. An [1 lC]choline PET scan was 

performed prior to surgery. Post-prostatectomy specimens were prepared and stained with the 

antibody MIB-1 for Ki-67, which depicts proliferation. Two independent observers counted the 

amount of stained nuclei per specimen. 

Results: Prostate cancer showed Ki-67 staining and high uptake of [1 1 C]choline. Statistical 

analysis showed no significant correlation between [1 1 C]choline uptake and Ki-67 staining 

(R=0.23; P=0.34). No significant relationships were found between the uptake of [1 l C]choline 

(SUV) and either preoperative PSA (R=0.14; P=0.55) or Gleason sum score (R=0.28; P=0.25). 

Conclusion: In vivo uptake of [1 l C]choline does not correlate with cell proliferation in human 

prostate cancer as depicted by Ki-67. Our results suggest that a process other than proliferation is 

responsible for the uptake of [1 l C]choline in prostate cancer. 



Chapter 3 

I NTRODUCTION 

Prostate cancer i s  the most common cancer and the second leading cause of death from cancer 

among US men (1) It has been estimated that there were approximately 189,000 new cases of 

prostate cancer and 30,000 deaths from prostate cancer in the US in 2002 (2). For preoperative 

staging of bone and lymph node status, bone scintigraphy and computed tomography (CT) scan 

are used. However, the accuracy of CT in the detection of lymph node metastases is low (3). 

Consequently, pelvic lymphadenectomy is required for staging. Because of this, alternative 

imaging tools have been studied, e.g. magnetic resonance imaging (MRI) and positron emission 

tomography (PET). With respect to MRI, it was recently reported that metastases can be 

visualised with high sensitivity using monocrystalline iron oxide (Sinerem) as contrast (4) PET 

using [1 1C]choline as a tracer is an alternative imaging technique which has been shown to 

visualise prostate cancer and lymph node metastases distinctly (5-7). 

The background of the increased uptake of choline in prostate cancer is not clearly understood. 

So far two mechanisms have been suggested. The first explanation is increased cell proliferation 

in tumours. Choline is one of the components of phosphatidylcholine, an essential element of 

phospholipids in the cell membrane. As a malignancy is characterised by increased proliferative 

activity, it is likely that choline uptake is a marker for cell proliferation. 

The second mechanism that may account for the increased uptake of choline in cancer cells is 

up-regulation of choline kinase. Choline kinase catalyses the phosphorylation of choline, the first 

step in the cascade of three enzymatic steps that make up the Kennedy pathway after choline is 

transported into the cell (8). Over expression of choline kinase has been found in cancer cell 

lines, including human derived prostate cancer (9;10). 

In this study the correlation between the uptake of [1 1C]choline with PET in human prostate 

cancer and cell proliferation as assessed by tumour histology and Ki-67 expression was analysed. 

The Ki-67 antigen is a nuclear protein complex that is expressed during cell replication. It is 

generally used as a marker of cellular proliferative activity, because expression of this antigen 

gives an approximation of the number of cells undergoing active division (growth fraction). It is 

not expressed in the resting cell (G0) (11). 
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MATER IALS AN D M ETHODS 

Patients 

Patients selected for a radical prostatectomy for histologically proven prostate carcinoma were 

included in this study. All patients were diagnosed with prostate cancer without signs of distant 

metastases. Before surgery all patients underwent [1 1C]choline PET scanning at least 2 weeks after 

transrectal ultrasound-guided biopsies of the prostate had been performed, this interval being 

allowed in order to preclude any biopsy effect. 

Histological examination 

Histology was studied on surgical specimens after radical prostatectomy, which was in most cases 

combined with pelvic lymphadenectomy. The surgical specimens were processed according to 

standard methods (12). Primary histological diagnosis and determination of the Gleason sum 

score were performed on haematoxylin and eosin-stained sections. Two representative ( one from 

each lobe of the prostate), formalin-fixed, paraffin-embedded tissue blocks from each case were 

selected for MIB-1 staining. 

MIB-1 immunohistochemical staining 

Immunohistochemical detection of Ki-67 in paraffin-embedded sections was performed using 

the streptavidin-biotin method. Five-µm-thick formalin-fixed, paraffin-embedded sections were 

cut and mounted on gelatine-coated slides. The sections were deparaffinised, rehydrated, treated 

with 3% hydrogen peroxide and washed in a phosphate-buffered saline for 30 min. An antigen 

retrieval technique based on the method initially set out by Shi et al.(13) and modified by Koopal 

et al. (14) was used. Sections were lightly counterstained with haematoxylin. 

Analysis of the immunohistochemical staining 

The cells were counted at 400X magnification by two independent observers (MJ and AS). 

Distinct, densely granular, brown nuclear staining without cytoplasmic staining was considered a 

positive result. The absence of discrete staining showed for a negative control. For each of the 

cases, nuclear proliferative activity was obtained by visual quantification of 20 fields from the left 

and right sides of the prostatectomy specimen. Proliferative activity was expressed as the mean 



number of positively stained cells within a high-power field of view expressing Ki-67 staining as 

described by Kallakury et al.(15). 

PET procedure 

Rad iopha rmaceutica Is 

The [1 1C]choline was produced using a cyclotron system by the method described by Hara (16). 

[1 1C]choline was produced with an 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%. 

Imaging protocol 

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 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 injection of 400 MBq [1 1C]choline. 3D-mode 

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

The prostate was included in the first bed position. 

Image reconstruction and data analysis 

Attenuation-corrected images were obtained using an iterative reconstruction algorithm (ordered 

subset expectation maximisation). PET images were analysed by two independent experienced 

nuclear physicians, who were blinded to the clinical data. The location of each lesion was marked 

on case record forms and qualitatively scored as - (no uptake), + Oow uptake, just above 

background), ++ (intermediate uptake, clearly above background) or +++ (high uptake). 

Analysis of the preferential uptake of the radiopharmaceutical was performed by calculating 

standardised uptake values (SUV) from regions of interest (R Ois) obtained from the attenuation

corrected images. R Ois were visually drawn over the tumour (area of interest) using a dedicated 

software package. The mean SUV of the R OI was used for calculations. 
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Statistica l ana lysis 

Data are presented as mean (range) and median (standard deviation, SD). A Spearman 1 s rank 

correlation was used to assess the correlation between the uptake of [1 1C]choline as expressed 

through the SUV and each of the following: Ki-67, Gleason sum score, PSA and pathological 

stage (pT) of the tumour. Because of focal uptake of tracer, correlations with histology were 

performed using the values derived from the corresponding section of the prostate. Differences 

were considered statistically significant when P was <0.05. 

RESULTS 

Eighteen patients were included. Their data are shown in Table 1 .  The mean age was 61 years 

(49-69) with a mean serum PSA of 1 4.6 ng/ml (range 3.6-49). The Gleason sum scores of the 

tumours ranged from 6 to 8; eight had a Gleason sum score of 6, seven a Gleason sum score of 7 

and three a Gleason sum score of 8. 



Table 1. Data of patients with prostate carcinoma included in the study 

Patient Age PSA pTNM Gleason sum Visual uptake of Mean SUV of Mean Ki-67-positive 

no. (years) (ng/ml} stage score choline choline cells/HPF 

1 49 3.6 T3a 6 ++ 5.3 24 

2 66 16.0 T3b 7 ++ 2.4 8 

3 51 8.1 T3a 6 +++ 5.8 7 

4 59 12.8 T3b 7 + 6.1 6 

5 63 9.0 T3b 7 +++ 5.0 12 

6 57 49.0 T3b 7 +++ 6.3 6 

7 60 30.0 T4 7 +++ 6.5 4 

8 67 6.7 T3a 8 ++ 3.7 5 

9 69 30.0 T3b 8 +++ 5.1 2 

10 55 35.0 T2b 7 +++ 3.9 2 

11 57 6.2 T3a 6 +++ 2.0 3 
35 

12 61 6.7 T2b 7 ++ 4.7 4 

13 60 6.5 T3a 6 ++ 5.6 9 

14 65 6.0 T2b 6 + 4.8 9 

15 61 7.6 T4 8 +++ 6.0 24 

16 65 12.7 T2b 6 ++ 4.2 19 

17 69 8.8 T2a 6 ++ 2.7 18 

18 67 8.0 T2b 6 +++ 3.2 10 

HPF high-power field 
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Positron emission tomography 

The prostate was easily visible. An example of an [1 1C]choline PET scan is shown in Fig. 1 .  The 

mean SUV of choline in the prostate tumour in these patients was 4.6±1 .4 (SD). Median SUV 

was 4.9, with range of 2.0-6.5. 

A B 

Fig. 1. [11C]chol ine PET scan of the pelvis and lower abdomen in a patient with T2NO prostate carcinoma: a 

coronal and b transaxial view 

Ki-67 immunoh istochemistry 

All malignant tissues showed positive nuclear staining (Fig. 2). K..i-67 positively stained nuclei 

ranged from 2 to 24 per sampled field. The mean number of K..i-67 positive fields was eight per 

specimen studied. 

Fig. 2. Typical cross-section of prostate adenocarcinoma stained with antihuman nuclear Ki-67 antibody 

M IB-1 and l ightly counterstained with haematoxylin (400x)  



Statistics 

There was no correlation between the amount of Ki-67 staining and the SUV of choline (R=0.23; 

P=0.34) (Fig. 3a). Similarly, no correlation was found between SUV and either the Gleason sum 

score (R=0.28; P=0.25) (Fig. 36) or pre-operative serum PSA (R=0.14; P=0.55) (Fig. 3c). In 

contrast, it was found that the relation between SUV and pathological stage (pT) did reach 

significance (R=0.59; P=0.015) (Fig. 3d). 
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Fig. 3. Correlations in patients with prostate cancer of a SUV and Ki-67 (mean Ki-67 positive cel ls/high

power field), b SUV and Gleason sum score, c SUV and PSA (ng/ml) and d SUV and pathological stage (pT) 
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DISCUSSION 

This study is the first to investigate the in vivo uptake of [11C]choline with PET and to correlate it 

with cell proliferation in human prostate carcinoma. No significant correlation between SUV of 

choline and either Ki-67 expression or tumour grade was found. In other words, we were unable 

to demonstrate a relation between in vivo uptake of [1 1C]choline and cell proliferation. 

Although [1 1C]choline PET scanning can visualise prostate cancer and its metastatic lesions, the 

detailed uptake mechanism remains unknown (5;17). It has previously been confirmed that 

choline is incorporated in vitro tumour cells by active transport. With magnetic resonance 

spectroscopy the average citrate/ choline signal ratio was significantly lower in prostate carcinoma 

than in benign prostatic hyperplasia and non-cancerous peripheral and central zone tissue, which 

implies choline accumulation by the cancerous tissue. Elevation of in vivo choline resonance may 

be attributed to the increased rate of cell proliferation in prostate cancer as compared with benign 

prostatic hyperplasia. This supports the hypothesis of increased in vivo uptake of choline in 

human prostate cancer (18). 

It should be kept in mind that PET is a single signal technique. PET cannot distinguish between 

uptake from an intact tracer or from one of its in vivo-formed radioactive metabolites. The blood 

metabolism of [11C]choline has already been clearly elucidated. It was found that only 18% of 

[1 1C]choline was left in the arterial circulation 25 min after injection, with rapid appearance of its 

metabolites, especially [1 1C]betaine. Analysis of tumour samples revealed three major radioactive 

components, namely [1 1C-methyl]choline, [11C-methyl]betaine and [1 1C-methyl]phosphocholine. 

The first decreased to 2% (at 30 min) whereas the latter two increased in the analysed tissue to 

39% (30 min) and 82% (15 min), respectively (19). It was suggested that static measurements, i.e. 

SUVs, might not represent uptake in the way influx constants do (20). As we studied the uptake 

in the prostate starting 5 min after injection in the first bed position for a period of 7 min, we feel 

that the contribution of the radioactive metabolites is limited and allows for static uptake 

measurement using SUV. 

Ki-67 is an excellent marker to measure the growth fraction of a specific cell population (21). It 

has been shown that increased Ki-67 expression correlates with increased cell proliferation in a 

variety of human tumours, including prostate carcinoma (21 ;22). There are conflicting reports as 

to whether the expression of K.i-67 is independently associated with the prognosis of clinically 



localist.d prostate cancer and progression following radical prostatectomy (23-25). Two recent 

studies, however, have reported Ki-67 to be a strong predictor of distant metastasis and cause

specific death in men with prostate cancer treated with radiotherapy (26;27). It is known that 

well-differentiated prostate cancer has limited proliferative properties. So, tumour grade, i.e. 

Gleason sum score, can be used as an indirect marker of proliferation. In our study both the 

Gleason sum score (tumour grade) and Ki-67 expression failed to show a correlation with the 

SUV of choline; this is in concordance with previous data indicating that neither SUV nor the 

kinetic influx constant, K1 , correlates with tumour grade (17). In fact, Sutinen et al. found that 

[1 1C]choline uptake did not differentiate between grade and stage of tumour or even between 

malignancy and benign prostatic hyperplasm (17). Similar findings have been reported with 

[1 1C]acetate in prostate cancer, a tracer assumed to be incorporated in the cell membrane in a 

comparable way to choline (28). So far, the imaging of prostate cancer with [1 1C]choline and 

[1 1C]acetate support this theory. We were also unable to demonstrate any association between 

undifferentiated prostate cancer, as shown by the Gleason sum score, and uptake of [11C]choline. 

It should, however, be emphasised that we studied prostate cancer in patients prior to radical 

prostatectomy and that, since such patients are in general not treated by radical surgery, the 

number of undifferentiated cancers with a Gleason sum score >8 was limited. The 

aforementioned result is also in concordance with a study in brain tumours, in which it was found 

that despite the ability of both PET and magnetic resonance spectrometry to detect highly 

proliferative lymphoma and malignant tumours, [1 1C]choline PET did not differentiate between 

low- and high-grade gliomas (29). 

It is possible that some other mechanisms of chemical trapping could be responsible for the 

uptake of [11C]choline in prostate cancer. One mechanism that has been proposed is up

regulation of choline kinase by overexpression in human prostate carcinoma cell lines [9]. 

However, no evidence has been presented that overexpression of choline kinase is responsible 

for the uptake of [1 1C]choline in prostate cancer. As yet it is also unknown whether this 

overexpression is involved in the carcinogenic process. It has been confirmed that 

[
18F]fluoroethylcholine (comparable to [1 1C]choline) is incorporated into tumour cells by active 

transport (30). Similarity in the SUV s of these two compounds seems to indicate that membrane 

transport could be the same for both. This result could represent evidence for the above

mentioned alternative mechanism of increased uptake of choline in prostate cancer, i.e. increased 

expression of choline kinase. A static measurement technique like SUV is probably not 

appropriate to study differences in the activity of choline kinase. Unfortunately, there is no 

evidence that the kinetic influx constant K1 correlates \vith uptake of choline in prostate tumour 
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tissue. In the only study on this subject, the authors found a high correlation between SUV and 

K1 and supported the clinical use of simple SUV measurements of tracer uptake (17). 

It should be noted that this study has some limitations. First, the sample size may have masked 

true biological differences between SUV and the factors with which it was correlated. All the 

same, our results are in accordance with earlier reports on the uptake of choline and tumour 

grade. Secondly, we used the mean number of positive (immunolabelled) cells per high-power 

field of view in this study instead of the Ki-67 labelling index; however, the former has also been 

used in previous studies (21). With a relatively low number of proliferating cells, we believe that 

counting the number of dividing cells per surface area gives a true insight into proliferation. This 

method allows for comparison with mean intensity of tracer uptake per surface area (R OI) and 

with the Gleason sum score, which also takes the coexistence of high- and low-grade areas into 

account. 

Conclusion 

In vivo uptake of [1 1C]choline does not correlate with cell proliferation (Ki-67 labelling) in human 

prostate cancer. 
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ABSTRACT 

Purpose: An increase in bone turnover markers in patients with prostate cancer may predict 

bone metastases but it can also reflect the effects of androgen deprivation treatment. To assess 

the diagnostic efficacy of early detection of skeletal metastases we retrospectively performed 

serial measurements of a bone formation marker (PINP) and a bone resorption marker (ICTP) in 

serum of patients with prostate cancer. 

Materials and Methods: Residual serum samples from 64 patients with prostate cancer treated 

between 1999 and 2004 were selected from our prostate specific antigen serum archive, and 

divided into 3 groups of patients with no metastases (N0M0), with lymph node metastases only 

(NlM0) and with skeletal metastases (M1). In the M1 group the T 1 sample was collected near the 

first positive bone scintigraph. 

Results: The N1M0 and Ml groups showed increased PINP levels (AN OVA T0 p = 0.035, T1 p 

<0.001 ). The PINP levels in the Ml group increased further (paired t test p = 0.028), while no 

increase was found in the other groups. There was no significant difference between the number 

of patients receiving androgen deprivation therapy in the NlM0 and the Ml groups. Increased 

PINP levels in the Ml group were detectable 8 months before the first positive bone scintigraph. 

The increase in ICTP in the Ml group differed significantly from the other groups (the Student t 

test in 45 patients p = 0.029). The increases in PINP and ICTP differentiated between patients 

with or without skeletal metastases (AUC 0.71 ,  p = 0.002 and AUC 0.64, p = 0.045, respectively). 

Conclusions: Followup measurement of serum PINP and ICTP is useful in the early assessment 

of skeletal metastases in patients with prostate cancer regardless of the confounding role of 

androgen deprivation treatment. The bone formation marker is the most indicative, 

Abbreviations: ADT, androgen deprivation therapy; ICTP, pyridinoline cross-linked carboxy-terminal telopeptide 

of type I collagen; NIMP, metalloproteinase; PCa, prostate carcinoma; PINP, amino-terminal procollagen propeptide 

of type I collagen; PSA, prostate specific antigen 



Chapter 4 

I NTRODUCTION 

The most common site of PCa metastasis, and skeletal metastases greatly affect the prognosis and 

quality of life of patients with PCa. The assessment of skeletal metastases primarily depends on 

imaging techniques. Bone scintigraphy is routinely used for the detection of bone metastases. 

Although bone scintigraphs have high sensitivity, they lack specificity in the detection of skeletal 

metastases.1 Series of biochemical serum markers of bone turnover have been evaluated for the 

early detection of skeletal metastases.2•3 

The major structural protein in bone is type I collagen, which is synthesized by osteoblasts. In 

normal adult bone it accounts for 90% of the organic matrix. The metabolic products of type I 

collagen synthesis and degradation reflect the activity of bone formation and resorption. Skeletal 

metastases alter the physiological balance of bone formation and resorption. Several studies have 

assessed the diagnostic efficacy of bone formation and resorption markers for the detection of 

skeletal metastases in patients with PCa.+7 Measurement of PINP and ICTP is recommended as a 

tool in the assessment of skeletal metastasis in patients with PCa. 2•
5
•
7

•
9 The results of these studies 

are based on single measurements of serum bone markers in patients with confirmed skeletal 

metastases of PCa. Increased bone turnover as an effect of ADT has been reported. 10•12 

Therefore, we assessed the diagnostic accuracy of follow-up measurements of serum bone 

markers as predictors of skeletal metastases in patients with PCa using residual serum samples 

initially collected in routine daily practice. 

MATER IALS AN D M ETHODS 

Study popu lation 

Our unblinded retrospective study included 64 patients with histologically confirmed PCa, all 

treated at the University Medical Center Groningen. The patients for whom we had 3 or more 

consecutive serum samples were divided into 3 groups, that is 19  patients with skeletal metastases 

(Ml), 14 patients with lymph node metastases without suspicion of bone involvement (N1M0) 

and 31 patients with PCa with no evidence of metastasis at all (N0M0). The 31 patients in the 
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N0M0 group were included in alphabetical order and inclusion was stopped at a cutoff of 31 . 

Skeletal metastases were diagnosed with bone scintigraphy followed by radiological evaluation 

when necessary. Bone scintigraphs were performed in all patients with serum PSA levels greater 

than 20 mcg/1 or clinical signs of skeletal metastases (skeletal pain) according to good clinical 

practice. Lymph node metastases were histologically confirmed after open pelvic 

lymphadenectomy. 

Exclusion criteria were history of radiation therapy or bone fractures within the range of blood 

sample collection, clinically or radiographically evident osteoporosis, or severe renal failure or 

liver function abnormalities. Patients receiving medication known to interfere with bone 

metabolism (calcium supplements, bisphosphonates) were also excluded from analysis. TNM 

staging was determined with digital rectal examination, transrectal ultrasonography, computerized 

tomography, magnetic resonance imaging or bone scintigraphy and, when necessary, adjusted 

after pathology reports. Our study was approved by the ethical board of our hospital. 

Samples 

We performed PINP and ICTP measurements in residual serum from our serum archive initially 

collected for PSA measurement between September 1 999 and November 2004. Serum PSA levels 

were measured within 24 hours of collection by Immulite® PSA kit and chemiluminescent 

microparticle immunoassay (Architect® System) as diagnostic routine. Comparing the methods 

in our laboratory resulted in y = 0.956 x -0.018 (Passing and Bablak method comparison). The 

samples were then archived in polystyrene tubes at -25C and remained unthawed until serum 

PINP and ICTP analysis. Serum PINP and ICTP were measured following kit instructions (RIA, 

Orion Diagnostica, Espoo, Finland). 

Statistica l ana lysis 

We used the K.olrnogorov-Smirnov test for normality. Intragroup differences were evaluated 

using the paired t test. Differences between groups were evaluated using AN OV A followed by 

the Student t test and Pearson's chi-square test. The Z score is the bone marker value in SD 

compared with the mean of healthy age, sex and age matched reference group (100). Diagnostic 

accuracy was tested using R OC curve analysis. All calculations were performed with SPSS® 12.0 

and Analyse-It and Clinical Laboratory 1 .71 (Analyse-It Software, Leeds, United Kingdom) for 

Windows. The p value was considered significant when less than 0.05. 



RESU LTS 

Characteristics of the Study Population 

Demographic characteristics and clinical data of the studied groups are summarized in table 1 .  

There were no significant differences among the 3 groups with regard t o  mean age at collection 

of the first blood sample (T0) and years since diagnosis. Serum measurement at T1 averaged 1 8  

days after the first positive bone scintigraph in the Ml group. Mean follow-up of patients i n  the 

N0M0 group was 1 .8  years, which was significantly longer than the average follow-up of 1 .0  and 

0.7 years in the N1M0 and the Ml groups, respectively. 

Table 1. Characteristics of the study groups 

NOMO N1MO M1 
No. pts (TO + T1) 31 14 19 
Mean pt age at TO ± SD 70. 7 ± 8.8 (53.9- 70.1 ± 7.1 (56.6- 69.4 ± 9.0 (42.8-83.7) (range) 85.3) 79.4) 

Yrs from diagnosis to TO 3.6 (0.4-21.2) 4.1 (0.5-9.8) 3.6 (±0.2-11.4) (range) 

Followup T1 to TO: 

Days (range) 671 (190-1,278) 379 (182-836) 250 (28-404) 

p value <0.001 <0.001, 0.021 <0.001, 0.021 

ADT: 

No/total No. (%) 6/31 (19) 8/14 (57) 10/19 (53) 

p Value 0.024, 0.022 0.024 0.022 

No. started ADT during 
followup 2 2 

No. stopped ADT during 
followup 2 1 2 

Mean mcg/I PSA TO ± SD 1.5 ± 3.5 (0.1-14.5) 2.8 ± 3.2 (0.1- 7.9) 26.6 ± 33.2 (0.5-105.0) (range)* 

Mean mcg/I PSA T1 ± SD 0.7 ± 1.5 (0.1-8.3) 4.8 ± 8.1 (0.1-30.4) 118.0 ± 244.0 (3.6-
(range)t 886.0) 

No. tumor stage: 

T1 12 1 4 
T2 7 5 4 
T3 12 6 7 
T4 0 2 2 
Tx 0 0 2 

* AN0VA p ±0.001 t AN0VA p ± 0.009 
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In the N0M0 group 6 of 31 patients (19%) received a luteinizing hormone releasing hormone 

analogue (or underwent orchiectomy) alone or received combination therapy with an 

antiandrogen at T0• This number is significantly different from the 53% of the patients in the Ml 

group and the 57% in the NlMO group. 

Serum PINP 

Mean serum PINP level at T0 in the N0M0, NlM0 and Ml groups was 43.8, 56.3 and 71 .8 mcg/1 

(AN OVA T0 p = 0.035), respectively. Significant differences improved in the 3 groups (AN OVA 

T, p <0.001). The increase in PINP in the Ml group to 106.3 mcg/1 at T1 was significant (paired 

t test p = 0.028). There was no increase in the serum PINP of patients in the NlM0 and N0M0 

groups. In the Ml group 13  patients (68%) showed an increase in serum PINP (LIT1-T0) resulting 

in a mean increase in PINP Z score of +2.92 SD. Nine patients at T0 (47%) increasing to 13  

patients a t  T1 (68%) of  the Ml group had a PINP level greater than the reference range of 

healthy sex and age matched volunteers (Z score greater than +2.0 SD). Only 36% and 16% of 

patients in the NlM0 and N0M0 groups, respectively, had a PINP level greater than the 

reference range at T1 (table 2). Although mean PINP at T0 in the Ml group was not significantly 

48 different from that of the NlMO group, it was at T1 (p = 0.035). Both the NlM0 and Ml groups 

had a comparable percentage of patients receiving ADT. 



Table 2. Serum va lues of PINP and ICTP 

Means ± SD (p va lue) Paired t Test z No. Z Score 
p Value Score T1 Greater 

SD Than ± 2 SD 
(%) 

TO T1 TO T1 

PINP 
(mcg/1): 
NOMO 43.8 ± 16.6 (0.043, 41.5 ± 22.0 (0.004) Not significant 0.68 0.50 5 (16) 0.017) 

N1MO 56.3 ± 22.4 (0.043) 54.6 ± 20.0 (0.019) Not significant 1.74 1.60 5 (36) 

M1 71.8 ± 60.0 (0.017) 106.3 ± 85.6 0.028 3.06 5.98 13 (68) (0.004, 0.019) 

ICTP 
(mcg/1): 
NOMO 4.50 ± 1.41 4.58 ± 2.07 Not significant 1.40 1.53 11 (35) 

N1MO 4.77 ± 1.29 4.34 ± 1.39 Not significant 1.74 1.20 5 (36) 

M1 4.60 ± 2.10 5.73 ± 3.09 Not significant 1.52 2.89 8 (42) 

Serum ICTP 

The change in ICTP (�Ti-To) in the Ml group (19 patients) is significantly different from the 

change in ICTP of patients without bone metastasis (t test in 45 patients p = 0.029). However, 

there was no significant difference in ICTP at T0 or T1 when all 3 groups were compared 

separately (AN OVA). The mean increase in ICTP in the Ml group was 4.60 to 5.73 mcg/1 (table 

2). Of 13 patients 9 (69%) in the Ml group with increasing PINP levels also had increasing ICTP 

levels. 

Serum PINP and ICTP as Diagnostic Ind icators of Bone Metastases 

The area under the curve of PINP at T1 , as well as the change in PINP (L1Ti-T0), were significant 

(0.76 and 0.71, respectively, p <0.001 and p = 0.002, fig. 1). Consequently the PINP Z score at 

T1 and the increase in Z score showed similar results (AUC 0.76 and 0.71, respectively, p <0.001 

and p = 0.002). The cutoff value of +2 SD of the PINP Z score at T1 had a sensitivity of 65% 

and a specificity of 78%. The R OC analysis of the change in ICTP (LIT1-T0) also reached 
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significance (AUC 0.64, p = 0.045, fig. 2). The cutoff value of +2 SD of the increase in Z score 

had a sensitivity of 3 7% and a specificity of 90%. 
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DISCUSSION 

Fol low-up of Serum PINP  and  ICTP 

Bone metastases and androgen deprivation treatment increase bone turnover. Our study shows 

that follow-up measurements of bone markers in the individual patient can discriminate between 

these 2 processes, improving the early detection of bone metastases. Increased bone turnover due 

to the effects of ADT has been reported10-13 and corresponds with osteoporosis after 

orchiectomy as described by Daniell.14 These effects are also found in our results because the 

PINP levels at T0 in the N1M0 and Ml groups, in which most of the patients were treated with 

ADT, are significantly higher compared to the control group, in which only 19% received ADT. 

While the number of patients receiving ADT in the Ml group is not different from the N1M0 

group, only the patients in whom skeletal metastases develop show a significant increase in serum 

PINP, and 68% have values greater than the +2 SD reference range. 

In the Ml group 47% of patients at T0 and 68% at T1 had increased PINP values. Of the patients 

47% also had increased ICTP values at T1 • The increase in PINP is an indicator of the 

progression of PCa to skeletal metastasis. At a cutoff value of 58 mcg/1 the sensitivity and 

specificity for the detection of skeletal metastases is 68% and 78%, respectively. These 

percentages for sensitivity and specificity are relatively low because of the influence of ADT on 

bone turnover markers. Eight months before the first visible metastases on bone scintigraphy 

(T0) the bone formation marker PINP is increased in patients in the Ml group compared to 

patients in the N0M0 group (p = 0.017), and also higher (not significant) than the mean level in 

the N1M0 group. Due to the small number of patients in this N1M0 group, significant 

differences between the Ml and N1M0 groups were only found at T1 , approximately the time of 

the first positive bone scintigraph. 

The sensitivity and specificity of serum PINP for the discrimination between patients with PCa 

with or without skeletal involvement are consistent with the findings of Jung et al.2 Their results 

are based on single serum measurements in patients with confirmed skeletal metastases of PCa. 

The strength of this study is that it shows that follow-up measurements of bone markers in 

individual patients with PCa discriminate between the gradual increase as result of disease 

progression to bone involvement and the increased but stable levels due to the effects of 

androgen deprivation treatment. 
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In this study serum ICTP did not reach significance in the detection of osteolytic activity in 

skeletal metastases of PCa. This does not concur with the results of earlier studies.5•8•9 

Ramankulov and Koga et al concluded that measurement of serum ICTP is a useful tool in the 

assessment and monitoring of skeletal metastases in patients with PCa.5
•
1 5  However, our results 

are similar to those of Lein et al.1 6  Their study showed that serial measurements of bone turnover 

markers can identify patients with PCa with progression of bone metastasis while receiving 

zoledronic acid treatment.16 R OC curves of PINP and of ICTP were comparable between the 

studies (AUCPrNP 0.75 and 0.76, AUC1cTP 0.65 and 0.62, respectively). 

The possible explanation for PINP being a better indicator for bone metastases than ICTP 

comes from new insights. Bone resorption by osteoclasts is predominately mediated by 2 

proteolytical enzymes, cathepsin-K and the metalloproteinases. ICTP is highly correlated with 

MMP expression, in particular MMP-2. Androgens significantly induce MMP-2 expression at the 

mRNA level, which is blocked by ADT.17
'

18 In our study most patients in the NlM0 and Ml 

groups received ADT and, therefore, might show lower ICTP levels. Another explanation might 

be that PCa metastases are predominately osteoblastic lesions.4 

Recent studies also identify PINP and ICTP as independent variables of poor prognosis in 

patients with PCa.1 5
'
1 6

'
1 9  Moreover, single measurements of other bone markers such as 

osteoprotegerin, osteopontin and a connective tissue growth factor, YKL-40, are associated with 

poor outcome of patients with metastatic PCa.2
•
1 5

•
1 6

•
1 9 

Lim itations and Suggestions for Further Study 

Our study population contains 2 noncomparable histological scoring systems (MD Anderson and 

Gleason sum score). Thus, there are no available data for analysis of tumor differentiation as an 

independent factor. Tumor differentiation is a predictive factor for skeletal metastasis in patients 

with PCa. Therefore, future prospective research should take tumor differentiation into account 

when studying serum bone markers as parameters for skeletal metastases. 

The follow-up period in our 3 groups differs significantly. The follow-up period in the Ml group 

is relatively short. We purposely selected the longest available span for follow-up in our control 

group (N0M0) to increase the sensitivity of detection of any trend in serum PINP and ICTP. 

These results are based on 2-point measurements. The clinical relevance of the results might 

increase when bone markers are more regularly assessed. 



Clinical treatment decisions were driven primarily by PSA values. Therefore, we cannot compare 

the performance with that of the collagen markers. It is clear that PSA analysis will remain an 

essential part of the follow-up of patients with PCa with or without disease progression to bone 

metastases. Large prospective studies with serial measurements of biomarkers are needed for 

clinical application. New treatment options like bisphosphonate administration have been shown 

to reduce and potentially prevent skeletal complications of PCa bone metastases.20 The early 

detection of bone involvement in patients with PCa should help identify those who would 

benefit from treatment options like the early use of bisphosphonates. 

Conclusions 

Our results suggest that the follow-up measurement of serum PINP and ICTP levels is useful in 

the early assessment of skeletal metastases in patients with prostate cancer, regardless of the 

confounding role of androgen deprivation treatment or other factors that might interfere with 

bone turnover. The bone formation marker is the most indicative. 

Abbreviations 

ADT, Androgen deprivation therapy; ICTP, pyridinoline cross-linked carboxy-terminal telopeptide of type I 

collagen; l\.fl\1P, metalloproteinase; PCa, prostate carcinoma; PINP, amino-terminal procollagen propeptide of type I 

collagen; PSA, prostate specific antigen 
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ABSTRACT 

Purpose: To study the detection of bone metastases between 99mTc diphosphonate bone 

scintigraphy (BS), Na[18FJ-F PET (PET) and MRI of the axial skeleton (AS-MRI) in patients with 

prostate cancer (PCa) at risk for bone metastases. 

Methods: 36 patients with proven PCa at risk for bone metastases (PSA � 15ng/ rnL and/ or 

Gleason sum � 7) underwent BS, PET and AS-MRI. Follow-up data 34 months (range 2-51 

months) and AS-MRI was used as reference standard. BS, PET and AS-MRI were read 

independently by 2 nuclear medicine physicians and radiologists, blinded for clinical data. 

Sensitivity and specificity for BS and PET were compared using McNemar's test on discordance. 

Both were calculated on the level of individual patient and on the level of 4 skeletal regions. 

Results: Twenty-one patients (mean age 70 years, median PSA 43.5 ng/ rnL) were positive for 

bone metastases. Patients without bone metastases had a mean age of 59 years and median PSA 

30.5 ng/ ml). BS and PET had similar sensitivity and specificity. Patient based 

sensitivity/specificity for bone metastases using BS was 57%/87% and 52%/100% for reader 1 

and 2 respectively. For NaF PET patient based sensitivity/ specificity was 62/ 67% and 57 / 67% 

for the readers. In regional analysis no differences were noted. Sensitivity of AS-MRI was 100% 

and specificity 81 %. 

Conclusions: NaF PET and BS have a similar performance in the detection of bone metastases in 

prostate cancer patients. The sensitivities of NaF PET and BS were inferior but specificities were 

equal to AS-MRI with long term follow up for validation. 



Chapter 5 

I NTRODUCTION 

Prostate cancer is one of the most frequent cancers in the world [1]. In 2008, 10% of cancer 

deaths in US men will be considered to be related to prostate cancer and its metastases [2,3]. 

Bone metastases are present in up to 20% of newly diagnosed patients, but the incidence rapidly 

increases in progressive disease and reaches up to 85-100% in hormone refractory patients. Bone 

metastases constitute a major cause of morbidity and mortality in prostate cancer. The bone 

metastases have an osteoblastic (sclerotic) radiological appearance in 80% of the patients. The 

distribution pattern of skeletal metastases in prostate cancer is also rather characteristic, with the 

majority of metastases usually located in red bone marrow in the axial skeleton i.e. spine, ribs, and 

pelvis. Therefore, skeletal imaging is a standard procedure in the clinical work-up of a patient 

with prostate cancer, before therapy can be determined. 

Bone scintigraphy with 99mTc-labeled diphosphonates (BS) has been the mainstay in skeletal 

staging for over 3 decades. Diphosphonate radiopharmaceuticals such as 99mTc-methylene

diphosphonate (MDP) accumulate at the site of increased bone turnover, which is secondary to 

bone metastasis, and especially to osteoblastic bone metastases. While diphosphonate 

radiopharmaceuticals have a high sensitivity to detect metastatic spread, specificity is considerably 

lower. This problem is especially noticed in the axial skeleton, as many other skeletal processes 

may also increase bone turnover. However, pattern recognition and the selection of patient 

groups with increased risk ( e.g. clinical T3 tumor, PSA above 20 ng/ mL and/ or Gleason sum 

?.7) significantly decreases this problem [4,5]. Still, in some cases radiological confirmation with 

plain X-rays, CR or :MRI of lesions may be valuable [3]. Also the addition of SPECT has been 

demonstrated to increase the performance of BS, but its application is usually focal and still 

limited in many departments. 

Positron emission tomography (PE1) with sodium [18F]-fluoride (Na[18F]-F) is a relatively new 

method for skeletal investigation. The higher spatial resolution of PET may yield increased 

sensitivity and specificity, especially for osteolytic bone lesions, and the method also offers 

increased anatomic precision, especially when combined with CT which is the new standard in 

PET imaging nowadays [6,7,8]. 

Current experience with Na[18F]-F PET (NaF PE1) in prostate cancer patients is still limited. 

Existing studies have included heterogeneous patient groups that have focused on patients with 
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known osteoblastic metastases only or included patients in various stage of treatment or provide 

limited validation of the reference technique used. 

Therefore, the current study was designed to investigate the performance of NaF PET for the 

detection of bone metastases in a homogenous group of newly diagnosed untreated prostate 

cancer patients. NaF PET results were compared with BS and with MRI of the axial skeleton 

(AS-MRI combined with additional imaging tests and clinical follow-up information which 

together served a the reference standard to determine metastatic status of individual patients) as it 

has been demonstrated that AS-MRI is more sensitive in detecting metastases of prostate cancer 

in the bone marrow stage AS-MRI although not yet been validated as a single reference technique 

[9,3]. 

MATER IALS AN D M ETHODS 

Patients 

This prospective study was carried out between in 36 consecutive patients with histological 

proven prostate cancer. Patients were deemed to be at risk of bone metastases based on PSA � 

1 Sng/ mL and/ or Gleason sum � 7. 

We obtained a NaF PET scan, BS and AS-MRI, and additional imaging when necessary. As a 

histological diagnosis of each lesion is impossible, additional imaging studies and long term 

clinical follow up data were used to further validate the reference test AS-MRI and identify any 

false findings. All patients 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. 

Bone scintigraphy 

Whole-body BS was performed 3-4 h after intravenous injection of 600-700 MBq 99cnrc

methylenediphosphonate, using a large field-of-view double-head gamma camera (Multispect 2; 

Siemens Inc, Hoffman Estates, IL), together with a low-energy, high-resolution collimator. 

Images were interpreted independently by two nuclear medicine physicians who were blinded for 

clinical and radiological information. Both physicians have a long standing experience in general 

nuclear medicine and multi tracer clinical and research PET studies. For assessment a four point 

scale (0 - no lesions; 1 - benign lesion; 2 - lesions suspected of metastases: 3 - diffuse 

metastases) was used. The clinical M status was determined by consensus reading of the BS 

afterwards. 



PET tracer synthesis and imaging 

[18F] Sodium fluoride was produced by bombardment of 18 O-enriched water with 17 Me V 

protons. [18F]-Fluoride was separated from the enriched H/8 O by a QMA-SepPak, and 

subsequently eluted with saline. Finally, the solution was passed through a sterile Cathivex-GS 

filter. Radionuclide purity was >95%. The injectable solution was sterile, pyrogen-free, pH

neutral. Fe was < 0.2 mg/1, Al < 5mg/l and osmomolarity was 200-330 mosmol/kg. Scans were 

made 1 hr after tracer injection using an ECAT HR+ camera (Siemens, Knoxville, TN). 

Total body PET was acquired using an interleaved protocol (emission - transmission -

transmission - emission ETTE). 7 - 8 minutes was allowed to scan each bed position using 3D

acquisition mode. For each patient 13-14 bed positions were needed to cover the whole body. 

Consequently, a typical scan lasted 90-120 minutes. Attenuation corrected images were used for 

interpretation. Assessment of PET scans was done by two nuclear medicine physicians in 

random order. The PET scans and BS were never read on the same day. 

Magnetic Resonance imaging and reference standard 

:MRI was performed with a 1.5-T unit (Magnetom Sonata; Siemens, Erlangen, Germany). The 61 

axial skeleton was investigated with adjacent slices of 5- to 6-mm thickness, using the T1 and 

turbo inversion recovery modus (TIRM) images and contrast enhanced T1 images using 

intravenous gadolinium (meglumine-gadoterate). Subtraction images were generated to improve 

visualization and localization of lesions. Criteria for metastases on sagital :MRI were: decreased 

areas signal intensity on T1 weighted images, increased signal intensity on TIRM, and halo sign 

around lesions on contrast enhanced images. The MR images were reviewed independently by 

two radiologists, differences were resolved by consensus. 

All findings of AS-:MRI were validated with follow-up data as to the likelihood of a correct initial 

diagnosis of bone metastases. Follow-up data were available for a median of 34 months (range 2-

51 months). For the analysis we used the validated AS-:MRI data. 

Data analysis and statistics 

Results of the two nuclear medicine readers are presented separately. The mainstay of this report 

deals with the ultimate clinical relevance for urologists and oncologists, as patient based analysis 

is considered most important. However, we also added an analysis based on the regional presence 

or absence of metastases, to obtain more detailed information on the properties of PET imaging. 
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For this regional analysis, we determined 4 skeletal regions including the cervical spine, thoracic 

spine, lumbar spine, and pelvis. For all modalities, a region was considered positive when at least 

one malignant lesion was attributed to that region. To gain further power in the analysis all 

regions were summated. 

From these data we calculated and compared sensitivity and specificity for BS and PET on a 

regional level. We chose not to add the level of individual lesions, as slight errors in the 

estimation of which vertebra is involved are quite common with BS, and this may lead to an 

unreasonable number of false positives and false negatives. Validated MRI information was used 

as reference. Next we compared sensitivity, specificity and predictive values of NaF PET, BS and 

AS-MRI on the patient level. Discordance between imaging entities and between observers was 

analyzed using McNemar's test. P values <0.05 were considered significant. 

RESU LTS 

Patients 

We included 36 consecutive patients who met the inclusion criteria. Patients underwent all three 

imaging studies, within a median interval of 1 month (range 0-9 months). Based on the follow up 

data and our reference standard, a total of 21 were considered to have bone metastases (Mlb). 

MRI-AS initially identified 24 patients positive, but in 3 cases was false positive based on follow

up data. The 21 patients with bone metastases had a mean age of 70 years, a median PSA of 41 

ng/ mL (range 9-2903 ng/mL) and median Gleason sum of 7 (range 6-9). In the 3 patients false 

positivity of AS-MRI was based on prolonged biochemically absence of disease with PSA levels 

remaining < 0.1 ng/mL for 37 months after treatment for Oocalized) prostate cancer. There were 

no patients with false negative AS-MRI findings. The fifteen patients (mean 59 years) without 

bone metastases had a median PSA of 29 ng/ mL (range 8-450 ng/ mL) and median Gleason 

sum 7 (range 6-9). Patient characteristics are summarized in Table 1. 



Table 1. Patient characteristics 
Patient 

Age PSA 
Gleason Initial TNM Treatment Follow- Clinical 

no sum Ui;! status 
1 68 249 8 cT3 Nx M1b Orchiectomy 10 t 

2 59 22 7 cT1c Nx MO EBRT + harm 51 NED 
3 67 15 9 cT1 Nx M1b Harm 26 t 

4 87 55 8 cT3 Nx M1b Orchiectomy 12 t 

5 73 21 7 Tic Nx MO EBRT + harm 12 :j: 
6 69 46 9 cT2 Nx M1b Harm 2 t 

7 77 33 6 Tia Nx M1b WW 11 :j: 
8 66 90 7 cT3 Nx M1b Harm 47 NED 
9 83 479 8 cT3 Nx M1b Harm 36 :j: 

10 60 34 7 pT2bN1MO Harm 44 Progression 
11 64 75 7 T3 Nx M1b Harm 8 t 

12 77 2903 7 T3 Nx M1b Harm 27 t 

13 71 38 7 Tic pNO MO EBRT 43 Progression 
14 42 16 7 pT3 pNO MO Prostatectomy 8§ Progression 
15 69 37 7 cT2 pNO MO EBRT + harm 44 NED 
16 63 100 7 cT3 Nx M1b Harm 42 Progression 
17 72 32 6 cT2b Nx M1b Harm 36 :j: 
18 78 301 7 cT3 Nx M1b Harm 40 t 

19 60 577 7 cT2 Nx M1b Harm 5 t 

20 84 41 7 cT3 Nx M1b Harm 5 t 

21 69 104 7 cT3 NO MO EBRT + harm 41 Progression 
22 65 26 6 Tic Nx M1b Harm 39 Progression 
23 56 140 8 cT2 pN1 MO Harm 41 Progression 
24 68 29 6 cT2c pNO MO EBRT + harm 36 N ED 63 
25 59 13 7 cT2 pN1 MO EBRT + harm 36 Progression 
26 76 27 6 Tic Nx M1b Harm 34 Progression 
27 59 8 7 pT3b Nx MO Prostatectomy 33 N ED 
28 69 140 8 T2 pNO MO EBRT + harm 14 :j: 
29 74 17 7 T2c NO MO EBRT + harm 36 NED 
30 62 26 6 pT2 pNO MO Prostatectomy 35 N ED 
31 69 450 7 T3 Nx M 1b Harm 35 Progression 
32 54 20 8 pT3b pNO MO Prostatectomy 30 Progression 
33 68 27 8 cT3 cNO M1b Harm 35 Progression 
34 47 9 7 T2a N1 Mia Harm 23 :j: 
35 61 38 9 T2c NO MO EBRT + harm 32 NED 
36 67 18 6 Tic Nx M1b Harm 30 NED 

WW watchful waiting 
Horm hormonal treatment 
EBRT (+ horm) external beam radiation and adjuvant hormonal treatment 
Progression alive, progressive disease 
NED alive, biochemical no evidence of disease progression 

prostate cancer specific death 
death due to other cause 

§ lost to follow up 



64 

Positron emission tomography and bone scintigraphy 

In general, images of the skeleton obtained with NaF PET yielded an excellent image quality. An 

example is shown in Figure 1 . 

A • B 

Fig 1. Patient with PCa T1cNxM1b,PSA 18 and gleason sum 6, with Metastasis L1 and right proximal femur. 

a. M DP bone scan, b. NaF PET scan (black arrows), c. sagittal MRI  showing metastasis of the lumbar spine 

(white arrow) 

Patient analysis 

The results of the patient analyses for both readers are presented in Table 2. For BS, the patient 

based sensitivity and specificity for the presence of bone metastases was 57% and 87% 

respectively for reader 1 and was 52% and 1 00% respectively for reader 2. For NaF PET, the 

patient based sensitivity and specificity was 62 and 67% for reader 1 ,  and was 57 and 67% for 

reader 2 (p = NS both for sensitivity and specificity comparison between readers). 

Table 2. Patient analysis for bone scan and NaF PET for readers 1 and 2 
Patient based analysis (reader 1 / 2) 

Metastases (n = 21) No metastases (n = 15) 

Bone scan 
NaF PET 

True positive 

12/11 
13/12 

p-value - McNemar test on discordance 
FUP- follow-up 

False negative 
9/10 
8/9 

True negative 
13/15 
10/10 

False positive 
2/0 
5/5 

p-value 
BS or NaF vs. 

FUP 

0.070/0.004 
0.579/0.423 



Regional analysis 

The results of the regional analyses for both readers are presented in Table 3. After statistical 

comparison of the performance of BS and PET, we found no significant differences between the 

two readers over the four regions. One particular aspect was most striking. The number of false 

positives with NaF PET was higher than with BS, although not statistically significant. To verify 

whether PET performance may have been better in high PSA patients, the results of observer 2 

were compared with PSA. However, no significant correlation was found between NaF PET 

results and serum PSA. 

Table 3. Regional analysis for bone scan and NaF PET for readers 1 and 2 

Regional analysis Bone Scan (reader 1/ 2) 

Sensitivity Sensitivity Specificity Specificity p-value 
reader 1 reader 2 reader 1 reader 2 1 vs 2  

Cervical spine (5 40% 60 % 98 % 100 % 1.0 metastatic} 
Thoracic spine 50 % 50 % 88 % 96% 0.480 (12 metastatic} 
Lumbar spine 

42 % 50 % 88 % 96 % 1.0 (12 metastatic} 
Pelvis 46 % 54 % 87 % 96 % 1.0 (13 metastatic) 

Regional analysis NaF PET (reader 1/ 2) 

Sensitivity Sensitivity Specificity Specificity p-va/ue 
reader 1 reader 2 reader 1 reader 2 1 vs 2  

Cervical spine 60 % 40% 87% 84 % 1.0 (5 metastatic} 
Thoracic spine 67 % 58 % 92 % 92 % 1.0 (12 metastatic} 
Lumbar spine 75 % 58 % 83 % 87 % 0.3 71 (12 metastatic} 

Pelvis 77 % 77 % 83 % 79 % 1.0 
(13 metastatic) 

Further analyzing the difference in interpretation of the studies yielded several interesting 

observations. In 5 patients (#7, 9, 29, 30 34) abnormalities in the lumbar spine were all attributed 

to degenerative disease, both on BS and on NaF PET by both readers, while MRI detected a 

combination of bone metastases and degenerative disease. However, the opposite was also found 

but less frequently, for example in patient #28 NaF PET suggested metastasis while MRI did not 

confirm. 

Axial skeleton MRI 

The sensitivity, specificity, positive and negative predictive values of NaF PET, BS and AS-MRI 

are presented in table 4. 
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Table 4. Sensitivity and specificity for different modal ities in detecting bone metastases after consensus 
reading 

Metastases (n=21)* No metastases (n=15) Sensitivity Specificity PPV 

modality malignant benign malignant benign 

BS 13 8 5 10 62 67 72 

NaF PET 12 9 1 14 57 93 92 

AS-MRI 21 0 3 12 100 80 88 

* For determination of metastases the validated AS-MRI data was used 

In 1 0  patients (# 3, 5, 7, 15, 21, 25, 29, 30, 34, 35) AS-MRI was the only imaging modality that 

suggested bone metastases. However, in 3 of these no evidence of disease could be confirmed 

after curative treatment (1 prostatectomy and 2 external beam radiation; PSA <0.1 ug/L) in 37 

months of mean follow-up. In the other 7 patients MRI findings were confirmed with other 

imaging and follow-up. For both nuclear medicine readers neither BS nor NaF PET yielded 

malignant findings in these 10 patients. In two of these patients (#3 and #5) MRI found 

widespread tiny metastatic depots, while both BS and NaF PET only detected a few foci, which 

were considered benign. One of these had a positive BS within one year. The other was lost to 

follow-up because of a rapidly progressive metastatic carcinoma of the duodenum. One example 

is shown in figure 2. 

A 

•' 

Fig 2. Patient with T2bN0MO, Gleason sum 7, PSA 26 without bone metastases a. Bone scan without 

metastases. b. NaF PET degenerative lesion L2 and left SI. c. MRI-AS with lesions in T6, T8, L2-L5. This 

patient underwent a rad ical prostatectomy and PSA remained <0.1 ng/ml at latest follow-up of 35 months 

NPV 

56 

61 

100 



In 7 patients all modalities were concordant in showing no metastases (# 2, 1 0, 1 3, 1 4, 23, 27, 

32). These patients remained free of bone metastases for at least 2 years after participation in 

study. Median PSA of the patients with metastases and false negative BS was 26 ng/mL (range 9-

479 ng/mL) and with false negative NaF PET scan was 30 ng/mL (range 9-479 ng/mL). Median 

PSA was 65 ng/mL (range 1 8-2903 ng/mL) for patients with true positive NaF PET and 75 

(range 1 8-2903 ng/ mL) for those with true positive BS. These differences were not significant. 

DISCUSSION 

This study showed that NaF PET had a similar sensitivity and specificity as BS in the detection of 

bone metastases in prostate cancer patients using AS-MRI, additional radiological imaging and 

long term clinical follow up as the standard of reference. The similar performance of PET came 

unexpected. Both readers, with long lasting experience in both BS and multi tracer PET imaging, 

noticed NaF PET scans to have an excellent resolution, image quality and readability. Intuitively, 

we therefore expected an improved sensitivity and because of the higher resolution also an 

improved specificity, as improved localization of the lesions likely would improve differentiation 

between metastases and degenerative changes. However, this expectation was not confirmed, as 

also in regional analysis PET did not detect more involved regions and even specificity was not 

better. In contrast to our findings, Fogelman et al. did find NaF PET to detect an increased 

number of metastases in the spine compared to BS [1 OJ. One explanation for this difference 

could be that metastases perceived to be solitary on BS could actually be conglomerates of 

metastases in that area. 

A potential advantage of NaF PET is the ease of fusion with either CT on a PET-CT system or 

with MR using software. This may improve both sensitivity and specificity, as indeed suggested 

by Even-Sapir [6]. PET /CT appears less time consuming than performing multiple additional 

SPECT acquisitions after planar bone scintigraphy in order to obtain whole body SPECT /CT 

fusion images. As most future systems will consist of PET/ CT this added dimension has 

become standard. Currently, however, it has been shown that the CT component for skeletal 

survey leads to marginally increased sensitivity (from 72% to 85%)[1 1 ]. 

Another striking result of our study is the relatively poor performance of both nuclear modalities 

compared to AS-MRI. Both BS and NaF PET failed to detect bone metastases in approximately 

40% of cases compared to AS-MR. Although this finding contrasts with earlier reports, it 

probably reflects the way all the scans were reported. The interpretations were done in a non

clinical setting in which reports where equivocal findings were less relevant to the treatment of 
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the patients. Thus pretest suspicion influencing the readers specificity is less apparent [12]. A 

reason for the absence of superiority of NaF PET over BS may be an identical uptake mechanism 

for both radiotracers e.g. increased bone turnover secondary to a metastasis, and the relative 

proximity of the spine to the gamma camera which gives reasonably good resolution for planar 

imaging. The nuclear medicine uptake mechanisms are fundamentally different from the 

identification of tumor deposits in the bone marrow itself by the AS-MRI. This could explain the 

relatively poor performance of both NaF PET and BS compared to MRI. As previously 

suggested the fact that prostate cancer first metastasizes to the red marrow space and does not 

produce a bone reaction could explain why scintigraphic techniques fail to detect small 

metastases in this stage. Skeletal areas where this difference is more pronounced include vertebral 

bodies, pelvis and long bones [13]. An earlier study with MRI showed that in patients with a PSA 

<20ng/ mL 17% had metastases where studies using BS have shown 6 % metastases in this PSA 

range[13]. With the advent of improved MR techniques such as fat suppression and gadolinium 

as contrast this advantage will become more evident. If validated in larger groups, this finding 

could have consequences for future guidelines on staging of metastases in patients with prostate 

cancer. BS is the current routine in patients with newly diagnosed prostate cancer with a clinical 

T3 tumor and/ or serum PSA above 20 ng/ mL and/ or Gleason sum � 7. So far PSA has not 

shown to correlate with the improved detection of bone metastases using AS-MRI. Despite its 

advantages, MR imaging is not yet validated as new standard in skeletal imaging and not cost

effective as it is still difficult to quickly and routinely examine the entire skeletal system as 

scintigraphy does. It may however suffice to perform AS-MR instead of whole body MRI. The 

presence of isolated, asymptomatic non axial skeletal metastases is rare. In one study in 1 00 

patients with prostate cancer who were routinely staged, of 65 patients with scintigraphic 

abnormalities 9 had isolated peripheral hotspots. In two of these the hotspots turned out to be 

metastases [14]. Our data corroborate with the study by Lecouvet et al. that AS-MRI had no 

false-negative result in terms of patient staging [1 5]. Our study showed a lower specificity which is 

based on a longer follow up detecting false positive AS-MRI. Also the heterogeneous patient 

population (i.e. patients that are in different treatment regimens) in the study by Lecouvet could 

have influenced the overall results. No separate data were presented on the 26 newly diagnosed 

cases. 

Another study by Tombal et al. shows that AS-MRI achieves a sensitivity of 86% and can be used 

to monitor treatment response [3]. In cases where bone involvement is still suspected e.g. 

moderately elevated serum PSA levels or high Gleason sum with negative bone imaging, 

additional MRI with gadolinium of the spinal column and pelvis should be considered. However, 



many studies employing AS-MRI also suffer from the lack of a true and perfect reference 

standard. In this study we found suboptimal specificity of AS-MRI, as lesions judged to be 

metastases initially had to be false positive in follow-up. An explanation for these findings could 

be that different components and composition of bone marrow can influence signal intensity of 

marrow on MRI. The varying composition of bone marrow constituents, i.e. red and yellow 

marrow, can simulate the 1\1R signal of metastases [16,17]. Future studies should therefore have 

sufficient follow up for the validation of the lesions detected by MRI only. 

Our study has its limitations. Most difficulty arose in the lack of histological confirmation of 

lesions. This is impossible to obtain for each lesion and region. Similar to other studies we 

therefore chose the next-best, in this case AS-MRI, complemented with additional radiological 

imaging and follow-up. It appeared in this study that AS-MRI by itself has a non-perfect 

specificity and cannot yet be used as a single reference test for the detection of bone metastases. 

In addition, only planar BS was evaluated and addition of SPECT is likely better. However, 

planar scintigraphy with one secondary SPECT is still widespread in clinical practice and 

therefore we believe our results are relevant and valid. However, it is likely that the current 

development of SPECT-CT will improve the performance of bone scintigraphy. 

Conclusion 

NaF PET and BS have a similar performance in the detection of bone metastases in primary 

prostate cancer patients. In addition, the sensitivities of NaF PET and BS were inferior to AS

MRI, but specificities were equal. 
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ABSTRACT 

Purpose: An elevated serum PSA level cannot distinguish between local, regional recurrences and 

the presence of distant metastases after curative treatment for prostate cancer. With the advent of 

salvage treatment such as cryotherapy, it has become important to localize the site of recurrence 

(local or distant). In this study the potential of 11C-choline PET to identify site of recurrence was 

investigated in patients with rising PSA after external beam radiotherapy (EBRT). 

Methods and Materials: 70 patients with histologically proven prostate cancer treated with 

external beam radiotherapy and showing biochemical recurrence as defined by ASTR O 

consensus statement were included. Additionally, 10 patients without recurrence underwent a 

PET scan. After receiving 400 MBq 1 1C-choline intravenously a PET scan was made. As 

reference, biopsy-proven histology from site of suspicion, positive findings with other imaging 

modalities, clinical follow-up and/ or response to adjuvant therapy were used. 

Results: None of the patients without biochemical recurrence had a positive PET scan. 57 / 70 

patients with biochemical recurrence (median PSA 9.1 ng/ mL; mean PSA 12.3 ng/ mL) showed 

abnormal uptake with PET (sensitivity 81 %). Site of recurrence was only local in 41 / 57 patients 

(mean PSA 11 .1 ng/ mL at scan), locoregionally and/ or distant in 16/57 patients (mean PSA 

1 7.7 ng/ mL). Overall PPV and NPV for 1 1C-choline PET scan was 1.0 and 0.44 respectively. 

Accuracy was 84%. 

Conclusions: 1 1C-choline PET scan is a sensitive technique to identify the site of recurrence in 

patients with PSA relapse after EBRT for prostate cancer. 



Chapter 6 

I NTRODUCTION 

Arise in prostate-specific antigen (PSA) is usually the first sign of recurrent prostate cancer after 

curative treatment. Biochemical recurrence (BCR) following radiotherapy has been defined by the 

American Society for Therapeutic Radiology and Oncology (ASTR O) (1) and recently updated in 

the ASTR O Phoenix Consensus (2).The time interval between treatment and BCR as well as PSA 

doubling time are used as indicators for local or distant recurrence (3). Conventional imaging 

modalities such as CT and MRI are limited in their ability to localize the site 

of recurrence with high accuracy (4). Transrectal ultrasound and biopsies may identify local 

recurrences, but these techniques do not give information about the possible presence of 

locoregional and distant metastases (4).This means that clinical decision making with respect to 

salvage treatments such as prostatectomy, cryoablation, or high-intensity focused ultrasound 

(HIFU) is not possible. To select patients for salvage radiotherapy for recurrence after 

prostatectomy, the 1 1 1In-capromab pendetide scintigraphy (Prostascint) has been used (5, 6). 

There are no data about the efficacy of this type of scintigraphy in cases of recurrence after 

external-beam radiotherapy (EBR1). Molecular imaging techniques such as positron emission 

tomography (PE1) and single photon emission computed tomography have proved to be 

valuable in the restaging of many tumors. This study was conducted to determine the accuracy of 

1 1C-choline PET in detecting the site of recurrence in patients with BCR after EBRT and to 

correlate these findings with clinical parameters. 

MATERIALS AN D M ETHODS 

Patients 

This prospective study concerned patients at follow-up after EBRT for histological proven 

prostate cancer. They were eligible if they fulfilled ASTR O 1997 criteria for BCR. Patients who 

had adjuvant hormonal therapy within 1 year from the start of the study were excluded. Ten 

patients without BCR after EBRT served as a control group. The patients with BCR were 

subsequently treated according to current guidelines on prostate cancer. From 2007 on, we 

offered salvage cryoablation to patients with a histologically proven local recurrence. Initially we 

used an upper PSA limit of 20 ng/ mL but since 2008, following new evidence, a limit of 10 

ng/mL was used (7, 8). All patients signed written informed consent, and the hospital's ethics 

committee approved the study. 
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Evaluation and reference tests 

All patients had digital rectal exams (DRE) and PSA determinations at 6-month intervals. For 

this study, patients underwent transrectal ultrasound and prostate biopsies. Bone scintigraphy was 

performed if the PSA exceeded 20 ng/ mL and in symptomatic patients. Additional imaging with 

CT or MRI was performed to verify the abnormal uptake on the PET scan. Patients and 

localization of sites were deemed to be true positive on the basis of biopsy findings (malignant 

findings), confirmation on additional imaging studies (CT, TRUS, bone scan, and/ or MRI of the 

prostate) and follow-up data (i.e., response to salvage therapy). Patients and localization of sites 

were considered to be true negative if the DRE and TRUS were both negative and the patients 

had stable PSA at follow-up. 

Histology 

Primary staging was performed using the TNM classification of 1997. In patients with BCR, 

TRUS-guided biopsies were taken from the prostate. If feasible, we sampled pathological lymph 

nodes or performed biopsies of pathological bone lesions. Histopathological 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 according to the method described by 

Hara (9). 1 1C-choline PET 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%. Until 2004, the PET studies were performed using an ECAT 951 /31 and later on an 

ECAT Exact HR+ PET camera (Siemens/CTI, Knoxville, TN). 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 [1 1C]-choline. Three 

dimensional data acquisition was started at 5 min after injection over the same area for 7 min per 

bed position. The prostate was included in the first bed position. 

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 images. A local recurrence was defined as any focal increased uptake 

within the prostate contour. Regional lymph nodes and skeleton were evaluated using a 4-point 



scale (0 = no uptake, 1 = uptake at background level, 2 = marked uptake above background 

level, 3 = high uptake). Lesions with Level 2 and 3 uptake were defined as abnormal and 

considered malignant. 

PSA, velocity, and doubling times 

Serum PSA was determined using an automated chemiluminescent microparticle immunoassay 

on the Architect platform (Abbott Diagnostics Division, Illinois, USA). PSA doubling times and 

velocities were calculated using Memorial Sloan-Kettering Medical Center prostate cancer 

prediction tool (http://www.mskcc.org/mskcc/html/10088.cfm). The PSA and PSA-derived 

kinetics were compared with PET results using the Kruskal-Wallis test (p < 0.05 was considered 

significant). 

RESULTS 

Seventy patients were included. The patient characteristics at the time of 11C-choline PET, with a 

median PSA of 10.7 ng/mL (range, 0.6-54.7 ng/mL) are summarized in Table 1 .  

Table 1. Cl in ical parameters of patients with biochemical recurrence a n d  scan results 

Scan results 
Negative(n= 13) Local recurrence Regional/ distant 

(n= 41) metastases (bone) (n= 

16 
Mean age (y) 72 71 71 

Mean initial serum PSA (ng/ml) 17.1 26.9 18.7 

T stage 
T1 6 16 6 

T2 4 10 5 

T3 3 15 5 

Gleason sum 
�6 12 11 2 

7 1 24 10 

8-10 0 6 4 

Mean radiation 68.8 68.2 69.2 
dose (Gy) 

Adjuvant ADT �%1 15 32 25 
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Fifty-seven of 70 (81 %) patients with a BCR proved true positive for local recurrence and/ or 

locoregional and/ or distant metastases. Results are presented in Table 2. Two typical examples 

are shown in Figs. 1 and 2. 

Fig. 1. (A) 11C-chol ine positron emission tomography, (B) CT scan ,  and (C) PET-CT fusion image in a patient 
with prostate cancer ( in itia l Stage cT1cNXMx, G leason score = 6), treated with externa l-beam RT (66 Gy). 
Biochemical recurrence was noted with PSA of 8.2 ng/ml, no palpable tumor on digital rectal examination, 
On biopsy, Gleason score = 7, recurrence at left lobe only 

The 10 control patients with a median serum PSA of 0.95 ng/mL (range, <0.1-6.3 ng/mL) did 

not show any lesions (100% true negative). For the sites of recurrence, we studied the prostate, 

pelvic lymph nodes, and the skeleton. In 41 of the 57 patients (mean PSA, 11.1 ng/ mL) with a 

positive 1 1C-choline PET scan, only local recurrence was identified. This was proven by biopsy in 

26 of the 41 cases. In the remaining 1 5  patients, clinical course and PSA response to local salvage 

treatment confirmed local recurrence. 

Fig. 2. (A) Coronal CT, (B) UC-choline positron emission tomography (PET), and (C) PET-CT fusion image in a 

patient with prostate cancer ( in itia l Stage cT1cNOMO, Gleason score = 7) who was treated with external

beam RT (70 Gy). Recurrence was noted (PSA 15ng/ml) at the lymph nodes in the right i l iac region 



Table 2. Different parameters for 11C-choline PET in patients with recurrent prostate cancer after EBRT 

No BCR 

BCR 

PET abnormal 

0 

57 

PET normal 

10 

13 

Total 

10 

70 

Abbreviations: BCR = biochemical recurrence; EBRT = external beam radiotherapy; PET = positron emission 
tomography. 

Sensitivity 57 /70 = 81%; specificity 100%; PPV 100%; N PV 

10/23 = 44%; accuracy 67 /80 = 84% 

In 16 of the 57 patients (mean PSA, 1 7.7 ng/mL) with a positive l lC-choline PET scan, 

locoregional and/ or distant recurrence was identified. Additional CT or IvIRI imaging confirmed 

the presence of pathological pelvic lymph nodes in eight of these patients. Histological proof 

could be obtained in only one patient. In one patient, pelvic lymph node dissection and clinical 

follow-up could not confirm single nodal metastasis (false positive) . Six of the 16  patients with 

bone metastases on 11C-choline PET had an additional confirming bone scanning. In two of 

these cases, metastases were histopathologically proven. Thirteen of 70 patients had a false 

negative 11C-choline PET scan. We obtained prostate biopsies in five of these patients, and in 

three of them, local recurrence was proven. One was negative for carcinoma, and another 

showed histological changes due to radiation therapy. From clinical symptoms, PSA, and 

abnormal imaging, progression was diagnosed in 12  patients (mean follow-up period of 25 

months from PET). One patient underwent cryoablation with PSA response to <0.1 ng/mL, and 

another died of pneumonia. Overall sensitivity, specificity, predictive values, and accuracy are 

shown in Table 2. The sensitivity of detection for any recurrent tumor by PSA subgroup (PSA 0-

4 ng/mL, 4--10 ng/mL, and >10 ng/mL) is shown in Table 3. 

Table 3. PET scan results of patients classed by PSA profiles 
No of Negative scan Local recurrence Regional/ distant Sensitivity 

patients metastases 

0-4 n= 16 3 11 2 80 % 

4-10 n=21 6 11 4 73 % 

>10 n=33 4 19 10 87 % 

Abbreviations: PET = positron emission tomography; PSA = prostate-specific antigen 

The results of the cohort of men with a PSA > 1 0  ng/ mL showed a positive scan in 28 of 3 7 

cases with a local recurrence in 21 of 37 patients. Distant metastases were identified in 6 of 37 
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cases. False-negative PET scans were seen 7 of 37 cases. The PSA doubling time, PSA velocity, 

and disease-free interval were clearly correlated with the site of recurrence as identified by PET. 

Local recurrence showed a mean PSA doubling time of 15.1 months and a mean PSA velocity of 

3.8 ng/mL/year. Patients with regional/distant metastases had a mean PSA doubling time of 4.8 

months and a mean PSA velocity of 1 1  ng/mL/year (Table 4). 

Table 4. Disease free period, PSA nadir, total PSA, PSA kinetics and scan results of patients at biochemical 
recurrence 

Scan results 

Regional/ distant 
Local recurrence metastases (bone) (n= 

Negative(n= 13) (n= 41) 16) 
Mean (SD) Mean (SD) Mean (SD) p value 

Initial PSA 
(ng/ml) 16.4 (9.9) 26.9 (26.8) 18.7 (16.2) .188 

PSA nadir 
(ng/ml) 1.7 (4.0) 1.3 (1.9) 1.12 (1.1) .504 

Disease free period 74 (35) 72 (32) 47 (20) .016 
(months) 
PSA at BCR (ng/ml) 9.6 (7.5) 11.1 (8.3) 17.7 ( 15.6) .237 

PSA- DT at BCR 
(months) 20.6 (16.6) 15.1 (8.6) 4.8 (2.7) .000 

PSA velocity at BCR 
(ng/mlfyear) 3.2 (4.9) 3.8 (3.2) 11.0 (11.3) .003 

Abbreviations: BCR = biochemical recurrence; DT = doubling time; PSA = prostate specific antigen 

DISCUSS ION 

This study shows that 11C-choline PET is a sensitive technique to detect the site of recurrence in 

patients with a rising PSA after EBRT. Local recurrences and regional and/ or distant metastases 

can be identified with an overall sensitivity of 81 %. With the improvement and increased clinical 

use of local salvage therapies such as cryoablation and HIFU, restaging of prostate cancer after 

EBRT has become an important issue (7, 10). In general, serum PSA levels are used to indicate 

recurrence, but PSA levels alone cannot distinguish among local, regional, or distant recurrence. 

111In-capromab pendetide scintigraphy (Prostascint) has been used in pretreatment assessment of 

patients receiving radiotherapy after radical prostatectomy (1 1 ). Several studies have reported on 

the use of PET for the detection of recurrent prostate cancer using 18F-FDG, 11C-choline, 18F

choline, or 11C-acetate as radiopharmaceuticals (12-14). Compared with the result of our study 

(81 % sensitivity), these earlier studies showed rather low sensitivities varying from 17% to 47%. 

In our view, the heterogeneous study groups that have undergone different treatment modalities 



Q.e., prostatectomy, radiotherapy, hormonal) account for these varying results with regard to 

sensitivity. This study also demonstrates that 11C-choline PET scanning can visualize bone 

metastases (15). All six patients who showed bone metastases also had a positive bone scan. This 

implies that whole-body PET scan may be the best goal-approached method in prostate cancer 

patients with suspicion on recurrent disease. After EBRT benign prostate tissue is usually still 

viable. This usually accounts for significant serum PSA levels post-treatment >0.1 ng/mL. After 

successful radical prostatectomy, serum PSA levels drop to <0.1 ng/ mL. This phenomenon may 

explain the different sensitivity of 1 1C-choline PET in detecting recurrence after prostatectomy 

compared with post-EBRT. One of the main concerns regarding 1 1C-choline PET is its low 

predictive value in the early recurrence state (13). However, our results show that in post-EBRT 

patients, the sensitivity of 1 1C-choline PET is also high (80%) in patients with a serum PSA below 

4 ng/ mL. Retrospective studies have identified PSA doubling time as a strong predictor for 

progression in patients failing initial local treatment (16, 1 7), but until now validation of cutoff 

points has not yet been performed (18). Our results on PSA and PSA kinetics in the context of 

PET imaging should therefore be interpreted with care. Current insights indicate that a cutoff 

value of PSA <10 ng/ mL and Gleason sum of <8 should be used in selecting patients for a local 

salvage therapy after EBRT (19). Our study did not address the topic of patient selection for 

salvage treatment because we included patients with PSA values >10 ng/mL. Obviously, 

prospective studies excluding any patient with serum PSA >10 ng/ mL and/or Gleason sum >8 

are necessary to evaluate the value of 1 1C-choline PET in the selection of patients for local 

salvage treatments. In our patient group, 1 3  patients with defined BCR had negative PET. This 

may be to the result of limitations of the PET system. The camera systems used in this study had 

a spatial resolution in the middle of the field-of-view of approximately 5-6 mm. In newer 

systems, the resolution is increased to about 2 mm throughout the gantry. This has lead to 

increased need for anatomical reference-in other words, the use of PET-CT. Bowel activity is 

also a complicating factor in interpreting the images, especially with regard to the presence or 

absence of pelvic nodal metastases (20, 21). This problem can also be overcome with PET-CT. 

In this study, we used the carbon-11 isotope with its half-life of 20 min. The use of 18F-choline 

would enable centralized synthesis and allow distribution of the radiopharmaceutical, which is not 

possible with 11C-choline. 18F-(ethyl) choline PET has already been shown to be of value in 

detecting metastases in recurrent prostate cancer (22). However, a major problem with 18F

choline compared with 11C-choline is its increased urine excretion. This may hamper the 

interpretation of the retroperitoneal and pelvic regions, especially in the obturator fossae (23). 

Another limitation of our study is the lack of histopathological proof of local recurrence after the 
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EBRT. Ideally, biopsies of all suspected sites should have been performed. However, a significant 

quantity of local recurrences can be missed on biopsies (24). To establish recurrence status, we 

used clinical follow-up, response to local salvage treatment, and PSA. We concur with the 

findings of Schilling and co-workers (25) with regard to the effectiveness of node dissections or 

biopsies combined with 11C-choline PET. 

Conclusion 

11C-choline PET scan is a sensitive and accurate imaging technique to identify the site of 

recurrence in patients with PSA relapse after EBRT for prostate cancer. 
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ABSTRACT 

Introduction: An elevated serum PSA level alone cannot distinguish between local, regional 

recurrences and/ or distant metastases after curative treatment for prostate cancer. For long, it 

has been difficult to localize the site of recurrence (local or distant). Salvage radiotherapy is in 

general advised at low PSA levels, but fails to show high cure rates. In this study the accuracy of 

11C-choline positron emission tomography (PET) to identify site of recurrence was studied in a 

cohort of patients with rising PSA after radical prostatectomy (RP). 

Materials and methods: 64 patients (mean age 66 yrs) with histological proven prostate cancer 

treated with RP showing biochemical recurrence (2 consecutive rises after nadir PSA :S0.2ng/ 

rnL) were included. Seven patients (mean age 61 yrs) without recurrence underwent a PET scan 

to serve as a control. After receiving 400 MBq 11C-choline intravenously a scan was made using 

an ECAT HR+ camera. Attenuation-corrected images were made using an iterative 

reconstruction algorithm (ordered subset expectation maximisation). As reference we used 

biopsy-proven histology from site of suspicion, positive findings with other imaging modalities 

(CT), clinical follow-up and/ or response to salvage therapy (radiotherapy) expressed through 

PSA decline. 

Results: No false positive PET scans were noted. In 23/ 64 patients with biochemical recurrence 

(median PSA 2.2 ng/ rnL; mean PSA 7.4) showed abnormal uptake of choline with PET was 

seen (sensitivity 35%). 41 patients had a false negative PET scan (median PSA 1.4 ng/ rnL; mean 

PSA 3.1 at recurrence). Overall accuracy is 32%. Site of recurrence was local in 11 / 22 patients 

(mean PSA 6.4 ng/ rnL; median 1 . 1 ) ,  loco-regionally in 12/ 22 patients (mean PSA 6.8 ng/ rnL; 

median 4.6) of which 3/22 had distant metastases (mean PSA 4.1 ng/ rnL; median 4.3). 

Conclusion: 1 1C-Choline PET has a low accuracy in the detection of the site of recurrence after 

RP and fails to show additional value to PSA in guidance of salvage treatment. 



Chapter 7 

I NTRODUCTION 

Prostate cancer is one of the most frequent cancers in the world [1]. In 2008, 10% of cancer 

deaths in US men will be related to prostate cancer and its metastases [2]. Patients with localised 

prostate cancer treated with RP present with recurrent prostate cancer some time later. Clinical 

manifestations of recurrent disease are often preluded by a PSA relapse, which occurs in 30-50% 

of patients after 10 years. The mean interval between biochemical recurrence and clinical 

symptoms is approximately 8 years [3]. A serum PSA rise above 0.2 ng/ mL is accepted as a 

definition of recurrence after nadir [4-6]. At lower serum PSA levels locating recurrent prostate 

cancer is difficult [7]. 

Serum PSA is the most sensitive tool for detecting recurrences, but it can not distinguish between 

a local, regional or distant recurrence. Digital rectal examination (DRE) generally is not a useful 

method for detecting local recurrence. Transrectal ultrasound (fRUS) and performing transrectal 

biopsies of the prostatic fossa is questionable in men with a PSA <1.0 ng/ml, at which salvage 

radiotherapy could be useful [8;9]. 

MRI and CT 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 % [1 0] . 

The remaining patients are estimated to have a distant recurrence or a combined local recurrence 

with metastases [1 1] .  In order to improve the discrimination between local or distant recurrence, 

the PSA doubling time (in months), PSA velocity (in ng/ml/year), the pathological stage and the 

Gleason sum have been studied also (16,17). A doubling time of > 10 months is more related to 

a local recurrence whereas a doubling time of < 4 months is seen in patients with a distant 

recurrence. 

In order to select patients for salvage treatment it is of importance to distinguish whether the 

recurrence is local or distant (lymph nodes, bone) at an early stage. DRE, TRUS, CT and MRI are 

not sensitive enough to detect a local recurrence in an early stage. In this respect positron 

emission tomography (PET) has already been studied. Accurate detection of the site of 

recurrence of prostate cancer might be possible by applying imaging modalities based on 

metabolism like [1 1C]choline PET. This study was aimed at determining the accuracy of 

[1 1C]choline PET in the detection of the site of recurrence and lymph node metastasis after RP in 

comparison with PSA and PSA kinetics. Second, we compared and reviewed our results in the 

context of the current available studies performed with [11q or [18F]choline PET. 
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MATERIALS AN D M ETHODS 

Patients 

This prospective study was conducted in patients who were in follow-up after RP for prostate 

cancer. All patients had biochemical recurrence i.e. two subsequent serum PSA readings 2: 0.2 

after a nadir < 0.2 ng/ mL after RP. Also, 7 patients without biochemical recurrence (PSA <0.1 

ng/ mL) were included. All patients in follow-up underwent serum PSA determination and digital 

rectal examination after which they underwent a [1 1C]choline PET. No patients had received 

adjuvant (hormonal) therapy at time of [1 1C]choline PET. 

Histology 

Primary staging was done using 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 

88 The [1 1C]choline was produced using a cyclotron system by the method described by Hara [12]. 

[1 1C]choline was produced with an 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 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 prostate was 

included in the first bed position. 

Image reconstruction and data analysis 

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 follow-up patients underwent (half-) yearly serum PSA determination. In patients with 

biochemical recurrence evaluation was done using DRE, TRUS with or without biopsies. CT, 

MRI or bone scan were only performed 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 follow-up (i.e. significant serum PSA rise after nadir, significant PSA 

doubling time or velocity), positive findings with other imaging modalities was used as a 

composite reference as well as response to local salvage therapy expressed through PSA decline. 

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 Memorial Sloan-Kettering Medical Center prostate cancer prediction tool 

(http://www.mskcc.org/mskcc/html/10088.cfm). The PSA and PSA derived kinetics were 

compared with PET results (Kruskal-Wallis test, p< 0.05 considered significant). 

Results 

Sixty-four patients with biochemical recurrence were included in the study. The patient 

characteristics are presented in table 1. 
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Table 1. Cl inical parameters of patients with biochemica l recurrence and scan results 

Scan results 

Negative(n= 41) Local recurrence Regional/ distant 
�n= 12) metastases �bonei �n= 11l 

Mean age (y) 67 65 65 

Mean initial serum 15.1 14.2 10.0 
PSA (ng/ml) 

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 

The 7 patients without biochemical recurrence did not show any malignant uptake on the 

[ 1 1C]choline PET (no false positives). A total of 23/ 64 patients (median PSA 2.2 ng/ mL; mean 

PSA 7.4) with a biochemical recurrence, proved true positive for a local recurrence and/ or loco

regional and/ or distant metastases on 11C-choline PET (sensitivity 36%); table 2. 

Table 2. Different parameters for 11C-choline PET in patients with recurrent prostate cancer after RRP 
PET abnormal PET normal Total 

No BCR 

BCR 

0 

23 

7 

41 

Sensitivity 23/64 = 35  % Specificity 100% PPV 100 % NPV 7 / 48 = 14% Accuracy = 32 % 

7 

64 

Twelve patients showed uptake of [1 1C]choline in the prostatic bed only. In 8 of these patients 

biopsies of the prostatic bed were performed. In only 2 of these patients these were positive for 

prostate cancer. Of patients with local recurrence only on [1 1C]choline PET 9 underwent EBRT 

and all had serum PSA drop <0.3 ng/ mL. In 2 cases watchful waiting was applied because of low 

PSA (<0.8ng/mL). In the remaining case hormonal therapy was given on the basis of patients' 

inability to withstand a curative treatment schedule. 

Eleven patients showed uptake of [11C]choline outside the prostatic fossa only. In the 6 cases 

where prostatic bed biopsies were taken all were positive for local recurrence, identifying 6 false 



negative [1 1C]choline PET in the prostatic fossa. In four patients histological verification of 

lymph node metastases was obtained, through pelvic lymph node dissection. In 3 / 11 of patients 

with metastasised disease on [1 1C]choline PET also showed bone metastases. These were 

confirmed by bone scans in all cases. 

In 41 patients (median PSA 1 .4 ng/ rnL; mean PSA 3.1 at recurrence) with a biochemical 

recurrence [1 1C]choline PET showed no uptake. Twenty-six of these patients received subsequent 

treatment despite negative PET findings. In the 22 patients with false negative [11C]choline PET 

that underwent radiotherapy on the prostatic bed 17 had serum PSA drop < 0.1 ng/ rnL after 

radiotherapy (average follow-up 70 months) ; 4 patients had PSA < 2.0 ng/ rnL (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 [1 1C]choline PET are 1 .0, 

0.14 and 0.32 respectively (table 2). 

Using the PSA subgroups PSA <1 ng/ rnL, 1 -3 ng/ rnL and > 3 ng/ rnL the sensitivity of 

detection of any recurrent tumour is shown in table 3. 

Table 3. PET scan results of patients classed by PSA profiles at recurrence 
No of Regional/ distant 

Negative scan Local recurrence Sensitivity 
patients metastases 

<1 n= 24 18 6 0 25% 

1-3 n= 20 13 6 1 35% 

>3 n= 20 10 0 10 50% 

The results of PSA, PSA kinetics, disease free interval and outcome of PET scans are presented 

in table 4. The PSA doubling time, PSA velocity and disease free interval were significantly 

correlated with the PET results. An overview of clinical studies using [1 1q or [18F]choline PET/ 

CT in the available literature is given in table 5. 
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Table 4. Disease free period, PSA nad ir, total PSA, PSA kinetics and scan resu lts of patients at b iochemical 
recurrence 

Scan results 

Local recurrence Regional/ distant 
Negative(n= 41) (n= 12) metastases (bone) p-value Mean (SD) (n= 11) Mean (SD) Mean (SD) 

Initial PSA 14.8 (10.1) 18.1  (9.5) 11.4 (5.5) .164 
(ng/mL) 

Disease free 46.3 (30.5) 46.6 (27.5) 46.8 (32.2) .943 
period 
(months) 
PSA at BCR 3.4 (4.9) 9.24 (18.2) 4.27 (5.4) .835 
(ng/mL) 

PSA- DT at BCR 13.2 (11.6) 9.6 (7.3) 4.81 (3.0) .004 
(months) 

PSA velocity at BCR 1.37 (2.71) 1.19 (1.93) 18.89 (30.40) .000 
(ng/mljyear) 

Abbreviations: BCR = biochemical recurrence; DT = doubling time; PSA "' prostate specific antigen 

DISCUSSION 

To assess candidates for additional salvage treatment it is necessary to determine extent of 

disease. For patients to successfully benefit from local salvage radiotherapy after RP the 

maximum serum PSA of 1.0 ng/mL is used [13]. Current imaging modalities show variable 

results in terms of sensitivity detecting recurrent disease, especially at low PSA levels. This study 

in patients with recurrent prostate cancer after RP shows that [1 'C]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 

[
1 1C]choline PET scan. Both [1 1C]choline PET and [18F]choline PET have been shown to detect 

recurrent disease in different studies. 

Our results are in concordance with the results obtained by several authors [14-18]. Earlier 

studies, however have incorporated different retrospective cohorts of patients using 

heterogeneous patient groups that have undergone different treatment modalities (i.e. 

prostatectomy or radiotherapy). We feel this factor will have influenced the overall reported 

accuracy. Especially, on BCR after radical prostatectomy the accuracy of [1 1C]choline PET is 

reported to be low by several authors [14;16]. Also inclusion criteria are different between studies 

which could explain the high accuracy of studies including a high number of patients with 



Table 5. Studies using 11C-chol ine in detection of recurrent prostate cancer 

Study characteristics 

Initial type of treatment 

Author, Imaging No of RP EBRT Sensitivity Sensitivity ADT at time 
year of modality patients (n) (n) PET (%) PET (%) of PET (n) 
�ublication RP EBRT 
de Jong et [11C]-chol ine 
al 2003 PET 22 13 9 38 78 0 

Picchio et [11C]-chol ine 
al 2003 PET 100 77 23 47 (overa l l )  

Scattoni et [11C]-choline 
al 2007 PET/CT 25 25 64 N/A 

Rinnab et [11C]-chol ine 3 al 2007 PET/CT 50 40 7 (brachy) 91 100 +/-

Reske et al [11C]-chol ine 
2007 PET/CT 36 36 73 N/A 7 

Krause et [11C]-choline 
al 2008 PET/CT 63 42 21 56 (overa l l )  17 

Our study [11CJ-choline 
PET 71 71 35 N/A 0 
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Heinisch et [18F]-choline 
al 2006 PET/CT 34 31 3 47 unknown 16 

Pelosi et al [18F]-choline 
2008 PET/CT 56 56 43 N/A 0 

Husarik et [18F]-choline 86 (overal l )  al 2008 PET/CT 68 26 42 +/-
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palpable and or visible lesions. This study aimed to recruit patients uniformly and prospectively 

according to a 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 2: 3 ng/ rnL 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 with earlier reports[16]. Although 

retrospective studies have identified PSA doubling time as a strong predictor for progression in 

patients failing initial local treatment [19;20], the need for validation of cut off points for PSA 

doubling time is clear [21]. 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 [1 1C]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 

beyond detecting range of PET (± 4-5mm). Furthermore, it is plausible that tumour volume does 

influence [1 1C]choline uptake quantitatively and therefore detectability on PET. Slow PSA rise 

may also be because of lower proliferation and progression of tumour tissue. However, 

proliferation seems to be independent of [1 1C]choline uptake as expressed through standardised 

uptake values [22]. 

Further, it seems plausible that PET/ CT would be more accurate in identifying lymph node 

metastases. Physiological uptake in intestinal tract can complicate detecting pelvic lymph nodes. 

Morphological orientation in the pelvic area can be valuable. One study using [11C]choline PET in 

the staging de novo prostate cancer showed that 1 2/15 patients with histological proven lymph 

node metastases were PET positive [23]. When utilising PET/ CT this seems to increase to 

1 9  /21 patients [24]. The main advantage of [1 1C]choline PET over [18F]choline PET is its (nearly) 

absent urinary excretion which could interfere with reading lesions in the pelvic area. It is 

plausible that this hindrance is most pronounced in the prostate as ureteric excretion is 

immediate and confluences in the trigonal area. Additionally, no added advantage has been 

shown over [1 1 C] choline [15] 

A limitation in this study is that preferably histological proof of local and regional/ distant 

recurrence after RP should have been obtained, although a significant quantity of local 

recurrences can be missed on biopsy. For lymph node staging one study has already shown that 

choline is taken up by these metastases in recurrent CaP[24]. [1 1C]choline PET shows a positive 

relationship to PSA velocity at time of PSA relapse. Secondly, we used software fused PET with 

CT for most patients. At lesion level it is suggested that PET/ CT seems to have higher detection 



rates than PET alone. Krause et al. found that 14 lesions in 7 patients were PET/ CT positive but 

PET negative. At patient level this is not shown conclusively, although this was undertaken with 

[18F]choline PET/ CT [25]. 

Conclusion 

[1 1C]choline PET has a low accuracy in the detection of the site of recurrence after RP and fails 

to show additional value to PSA and PSA kinetics in guidance of salvage treatment after RP. 
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Chapter 8 

SUM MARY 

Prostate cancer and its treatment have taken a prominent place in western health care systems. In 

part this is due to a rising incidence. Consequently, treatment modalities have expanded which 

leads to increasing demands and costs for surgical and medical treatment. It is expected that the 

number of patients treated with multi-modality schemes will increase further including local 

salvage treatment. Patient selection is of utmost importance in order to improve treatment 

outcomes as well as to limit toxicity of ineffective treatment. Unfortunately, current clinical and 

morphological imaging has limitations in its use for proper selection of patients for (salvage) 

treatment. Identifying the localisation and extent of tumour can be cumbersome. The need for 

imaging the various stages of (recurrent) prostate cancer remains and the potential of molecular 

imaging using PET has already been proposed by many groups. In this thesis the clinical use of 

PET is further explored in both initial staging of bone metastases using 18F-Sodium Fluoride 

PET. Next we studied the value of bone markers for early detection of metastases. PET was also 

studied in staging of patients with a biochemical recurrence after external beam radiotherapy and 

after radical prostatectomy using 11C-choline PET. To provide insight on the background of the 

uptake of choline in prostate cancer we studied the correlation between choline uptake and cell 

proliferation. This is to answer the pending question whether choline is a true marker of 

proliferation. 

Chapter 2 provides an actual review on the principles and on the developments of PET in 

urological oncology, with emphasis on prostate cancer. The focus lays on the spectrum of current 

and newly developed radiopharmaceuticals in particular the possibilities on targeted imaging. A 

brief summary of the current literature on the clinical results of PET in prostate cancer is 

provided and discussed. So far 1 1C-choline and 11C-acetate remain the leading 

radiopharmaceuticals for local imaging of the prostate and of recurrent prostate cancer. Still the 

clinical use is not yet proven, as many cohort studies have shortcomings mainly by 

inhomogeneous patient groups in different stages of the disease. The role of 18F-FDG in 

metastatic prostate cancer is not well studied either but pilot studies provide sufficient 

background for evaluation of treatment in advanced / castrate resistant prostate cancer. 

Choline uptake in prostate cancer is investigated in Chapter 3. The mechanism behind the 

increased uptake of choline in human prostate cancer is not completely understood. The aim of 
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this study was to investigate the relationship between the 11C-choline uptake and the cell 

proliferation in human prostate cancer. Radical prostatectomy specimens of 1 8  patients with 

histologically proven prostate cancer were studied. A 11C-choline PET scan was performed prior 

to surgery. The PET results were correlated with specimen slides stained for proliferation (MIB-1 

and Ki-67). In vivo uptake of 11C-choline did not correlate with cell proliferation in human 

prostate cancer as depicted by Ki-67. Our results suggest that a process other than proliferation is 

responsible for the uptake of 11C-choline in prostate cancer. It is hypothesised that up regulation 

of certain cell membrane components such as choline kinase in prostate cancer are responsible 

for the immediate perceived uptake of choline in the disease. 

In Chapter 4, an assessment of the diagnostic efficacy of early detection of skeletal metastases is 

retrospectively performed through serial measurements of a bone formation marker (PINP) and 

a bone resorption marker (ICTP) in serum of patients with prostate cancer. We also studied the 

effect of androgen deprivation on the levels of bone markers as an indirect effect on 

bonemetabolism. We hypothesise that an increase in bone turnover markers in patients with 

prostate cancer may predict occurrence of bone metastases in time. For this, residual serum 

samples from 64 patients with prostate cancer treated were selected from the prostate specific 

102 antigen serum archive, and divided into 3 groups of patients: a. without metastases (N0M0), b. 

with lymph node metastases only (NlM0) and c. with skeletal metastases (Ml). Groups were 

comparable after stratification. The patients with lymph node or bone metastases showed 

increased PINP levels (AN OVA T0 p = 0.035, T1 p <0.001). The PINP levels in the group of 

patients with bone metastases increased further, while no increase was found in the other groups. 

Increased PINP levels in the Ml group were detectable 8 months before first positive bone 

scintigraphy. The increase in ICTP in the Ml group differed significantly from the other groups 

(the Student t test in 45 patients p = 0.029). Our results suggest that follow-up measurement of 

serum PINP and ICTP could be useful tool in the early assessment of skeletal metastases in 

patients with prostate cancer. Androgen deprivation treatment does not seem to influence the 

role of both markers. The bone formation marker PINP is the most indicative. 

Another objective of this thesis is to investigate the detection and characterisation of bone 

metastases with 18F-Sodium Fluoride (Na[18F]-F) PET in patients with prostate cancer. In 

Chapter 5, 99mTc diphosphonate bone scintigraphy (BS), Na[18F]-F PET and MRI of the axial 

skeleton are compared in patients with prostate cancer at risk for bone metastases. Thirty-six 

patients with proven prostate cancer at risk for bone metastases (PSA � 15 ng/ mL and/ or 

Gleason sum � 7) underwent bone scintigraphy, Na[18F]-F PET which were read independently 



by 2 nuclear medicine physicians. Finally in all patients a MRI of the axial skeleton was 

performed which was perceived to be the reference in spinal column imaging. Sensitivity and 

specificity for bone scintigraphy and Na[18FJ-F PET were compared. BS and PET had similar 

sensitivity and specificity. Patient based sensitivity/ specificity for bone metastases using BS was 

57%/87% and 52%/100% for reader 1 and 2 respectively. Na[18FJ-F PET and BS have a similar 

performance in the detection of bone metastases in prostate cancer patients. Sensitivity of AS

MRI was 100% and specificity 81 % which outperformed both nuclear techniques in this study. 

With increasing numbers of treated patients more recurrent disease is detected on follow-up 

using PSA. A serum PSA rise usually the first indication of prostate cancer recurrence. In order 

to select patients for salvage treatment after initial treatment regimens it is vital to restage 

patients. 

Chapter 6 describes a study where the potential of 1 1C-choline PET to identify site of recurrence 

was investigated in patients with rising PSA after external beam radiotherapy (EBRT). Seventy 

patients with histologically proven prostate cancer treated with external beam radiotherapy and 

showing biochemical recurrence as defined by ASTR O consensus statement were included. 

Additionally, 10  patients without recurrence underwent an 11C-choline PET scan. In this study 

the sensitivity, specificity and accuracy of 11C-choline PET are calculated and results are 

compared to biopsy-proven histology from site of suspicion, positive findings with other imaging 

modalities, clinical follow-up and/ or response to adjuvant therapy. Fifty-seven out of 70 patients 

with biochemical recurrence showed abnormal uptake with 1 1C-choline PET (sensitivity 81 %). 

None of the patients without biochemical recurrence had a positive 1 1C-choline PET scan. Site of 

recurrence was only local in 41 / 57 patients, locoregionally and/ or distant in 16/57 patients. 

Accuracy was 84%. PSA doubling time and velocity were significantly correlated with local and 

loco-regional/ distant recurrence as detected on 11C-choline PET scans. Local recurrence showed 

a mean PSA doubling time of 15 .1  months and a mean PSA velocity of 3.8 ng/ mL/ year. 

Patients with regional/ distant metastases had a mean PSA doubling time of 4.8 months and a 

mean PSA velocity of 1 1  ng/ mL/ year. 

Our study shows that 1 1C-choline PET is sensitive and accurate in staging patients with PSA 

relapse after external beam radiotherapy for prostate cancer. 

A comparable study design was used in different patient population in Chapter 7. A series of 64 

patients with histological proven prostate cancer treated with radical prostatectomy showing 

biochemical recurrence (2 consecutive rises after nadir PSA :S0.2ng/ mL) were included and 
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underwent an 11C-choline PET scan. Seven patients without recurrence underwent a PET scan to 

serve as a control. No false positive PET scans were noted. Additionally the PSA and PSA 

derived kinetics were compared with PET results. In 23 / 64 patients with biochemical recurrence 

showed abnormal uptake of 11C-choline with PET was seen (sensitivity 35%). 41 patients had a 

false negative PET scan. Overall accuracy is 32%. Site of recurrence was local in 11 / 22 patients, 

loco-regionally in 12/ 22 patients of which 3/22 had distant metastases. Local recurrence showed 

a mean PSA doubling time of 9 .6 months and a mean PSA velocity of 1.2 ng/ mL/ year. Patients 

with regional/ distant metastases had a mean PSA doubling time of 4.8 months and a mean PSA 

velocity of 18.9 ng/ mL/ year. The PSA doubling time and PSA velocity were positively 

correlated with 11C-choline PET. 11C-choline PET has a low accuracy in the detection of the site 

of recurrence after RP and fails to show additional value to PSA and PSA kinetics in guidance of 

salvage treatment. 



CONCLUSIONS AND FUTURE  PERSPECTIVES 

From this thesis the following conclusions can be drawn. Although much is known about choline 

metabolism in general cell synthesis, it is still unclear what governs its rapid uptake mechanisms 

in prostate carcinoma. We could not provide evidence for the relation between proliferation and 

choline uptake. This result is reiterated by others who have examined the same relationship. Bone 

markers in whole serum can provide a valuable tool in patients with metastasised prostate 

carcinoma in early diagnostic assessment of bone involvement. Somewhat to surprise the bone 

marker response was not influenced by androgen deprivation therapy. It is still to be elucidated 

whether these markers can be used to give insight in the prognosis, or be of use in selection of 

patients for supportive treatments of the bone like bisfosfonates. The detection of bone 

metastases in prostate carcinoma with Na[18F]-F PET has no added value over conventional bone 

scintigraphy with 99mTc diphosphonates. It is expected that MRI will become more important in 

staging patients with prostate cancer that are considered at risk for bone metastases as MRI 

outperformed both bone scan and PET. Still, validation studies of (axial skeleton) MRI are 

needed and should be performed in combination with bone markers at the same time. The 

detection of recurrent prostate cancer with 1 1C-choline PET after treatment seems to be different 

for two main groups of patients namely external beam radiotherapy and radical prostatectomy. 105 
After external beam radiotherapy 11C-choline PET can have certain advantages in addition to 

current diagnostic modalities in detecting site of recurrence. It is expected that the use of 11C-

choline PET will not extend beyond conventional imaging techniques because of low sensitivity 

after radical prostatectomy. At the moment PSA (and its kinetics) are used to guide salvage 

radiotherapy in this group of patients. 

The main focus for further research concentrates on the aspect of the non-specific uptake of 

choline in human cancer tissue. Currently there is a tendency to develop more (specific) tracers 

for the detection of prostate cancer and its metastases. The focus lies mainly on the development 

of radiopharmaceuticals direct against tumour specific antigens and receptors. Examples are 

peptides labelled with isotopes such as bombesin, directed against the gastrin-releasing peptide 

receptor (GRPR). Other suitable cell membrane targets could be the prostate stem cell antigen 

(PSCA), and the prostate-specific membrane antigen (PSMA). An increased expression of these 

antigens has been shown in advanced prostate cancer. However, most studies are still in a 

preclinical or early clinical phase. Consequently, this means that 1 1C-choline in combination with 

PET remains be the most useful tracer in imaging (recurrent) prostate cancer. A very interesting 

question lies in the marked discrepancy between post external beam radiotherapy versus post 



106 

radical prostatectomy patients. For bone metastases the current golden standard bonescintigraphy 

remains standard, but validation of axial skeleton MRI is urgently needed as several groups have 

documented the superiority over nuclear techniques like PET, SPECT and scintigraphy. 



Samenvatti ng, conc l usies en 

toekomstverwachti ngen 





Hoofdstuk 9 

SAM ENVATTI NG 

De behandeling van prostaatkanker legt i n  toenemende mate beslag op bet Nederlandse 

zorgstelsel. Voor een belangrijk deel is dit te toe te schrijven aan de vroegtijdige opsporing door 

PSA bepalingen. Er zijn verschillende behandelingen mogelijk: chirurgie, bestraling en 

medicijnen. De keuze hangt af van bet stadium waarin de tumor zich bevindt. Er is hoe clan ook 

sprake van een toename van deze behandelingen. Dat geldt in het bijzonder voor zogenaamde 

'salvage' behandelingen. Dat zijn behandelingen in aansluiting op een niet geslaagde, in opzet 

curatieve behandeling. Gelet de mogelijke complicaties van 'salvage' behandelingen is bet 

adequaat selecteren van patienten die hiervoor in aanmerking komen zeer belangrijk. Daarbij 

wordt tot op heden gebruik gemaakt van zogenaamde morfologische beeldvormende technieken, 

dat wil zeggen dat alleen verstoring van de normale weefselarchitectuur kan worden 

waargenomen. Dit soort beeldvorming schiet echter nogal eens tekort. Er is grote behoefte aan 

betere technieken waarmee mogelijke kwaadaardige tumorvorming vroeger kan worden 

opgespoord. 

Dit proefschrift omvat artikelen waarin verslag wordt gedaan van bet gebruik van PET-scanning 

bij prostaatkanker. PET staat voor positronemissietomogafie. In hoofdstuk 1 wordt bier nader 

op ingegaan. Op een PET scan wordt een tumor in beeld gebracht door de biochemische 

processen in de tumor te meten. Gebruik makend van 18F-Sodium Fluoride PET hebben wij 

geprobeerd om bij patienten bij wie kort tevoren de diagnose prostaatkanker was gesteld 

botmetastasen aan te tonen. Verder hebben we nagegaan of met behulp van botmerkstoffen 

botmetastasen vroegtijdiger opgespoord kunnen worden. Vervolgens hebben wij 11C-choline 

PET toegepast bij patienten met een biochemisch recidief na uitwendige radiotherapie of radicale 

prostatectomie. Er was sprake van een biochemisch recidief als bij follow-up na bestraling of 

radicale prostatectomie bet PSA ging stijgen. 

Gebleken is dat choline na intraveneuze injectie snel in de prostaat wordt opgenomen. Wij 

hebben het mechanisme waarmee choline door prostaatkankercellen wordt opgenomen nader 

onderzocht. 

Hoofdstuk 2 biedt een overzicht van de ontwikkelingen van PET in de urologische oncologie, 

met de nadruk op prostaatkanker. Huidige en nieuwere radiofarmaca ("tracers") die gebruikt 
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warden bij de beeldvorming van prostaatkanker warden er in besproken. Tot op heden zijn 1 1C

choline en 11C-acetaat de meest gebruikte tracers. Bij veel vormen van kanker wordt bij PET de 

tracer 18F-FDG gebruikt. Of deze tracer ook bij patienten met gemetastaseerd prostaatkanker 

geschikt is wordt nog onderzocht. 

In dit hoofdstuk wordt verder een overzicht geboden van de literatuur aangaande klinische 

studies over PET bij patienten met prostaatkanker. De klinische relevantie van PET bij 

prostaatkanker staat nog ter discussie omdat in de bestaande wetenschappelijke literatuur de 

onderzochte groepen patienten veelal in verschillende stadia van prostaatkanker en 

behandeling( en) verkeerden. 

De opname van choline in prostaatkankercellen vormt het centrale thema in Hoofdstuk 3. Het 

hoe en waarom van de verhoogde opname van choline in prostaatkanker is nog niet duidelijk. In 

deze studie is nagegaan of er een verband bestaat tussen de hoogte van de opname van 11C

choline en de mate van celproliferatie in prostaatkanker. Daartoe werden radicale prostatectomie 

preparaten van 1 8  patienten met eerder histologisch bewezen kanker gebruikt. V 66r de radicale 

prostatectomie werd een 1 1C-choline PET scan verricht. De PET resultaten werden vergeleken 

met de histo-pathologische kenmerken van de verwijderde prostaattumor. Bij het histo-

1 1  o pathologisch onderzoek werden specifiek op proliferatie gerichte kleuringen toegepast (MIB-1 en 

Ki-67). Er bleek geen verband te bestaan tussen de opname van 11C-choline en de mate van 

celproliferatie bepaald aan de hand van MIB-1 en Ki-67. De resultaten van deze studie doen 

vermoeden dat andere mechanismen dan celproliferatie van invloed zijn op de opname van 11C

choline. Daarbij wordt onder andere gedacht aan veranderingen in de samenstelling van het 

membraan van prostaatkankercellen. 

In Hoofdstuk 4 warden de resultaten van een retrospectieve studie naar de relatie tussen vroege 

opsporing van botmetastasen en de aanwezigheid van de botformatie-merkstof PINP en de 

botresorptie-merkstof ICTP in het serum van patienten met prostaatkanker weergegeven. 

Datzelfde geldt voor de gevolgen van androgeensuppressie op botmerkstoffen en het 

botmetabolisme. Wij postuleerden dat een stijging van genoemde merkstoffen zou wijzen op 

groei van botmetastasen. Spijtserum van 64 prostaatkankerpatienten werd verdeeld in drie 

groepen: a. serum afkomstig van patienten zonder metastasen (N0M0), b. serum van patienten 

met alleen lymfkliermetastasen (N1M0) en c. serum van patienten met botmetastasen (Ml). De 

patienten met lymfklier- of botmetastasen hadden verhoogde PINP spiegels (AN OVA T0 p = 

0.035, T1 p <0.001). In de sera van de patienten met botmetastasen (Ml) werden significant 

hogere spiegels ITCP gevonden ten opzichte van de andere groepen. 



De verhoogde PINP spiegels in de Ml groep waren gemiddeld acht maanden voordat de botscan 

afwijkingen vertoonde meetbaar. De uitkomsten wijzen er op dat het bepalen van serum PINP 

and ICTP spiegels bij het controleren van prostaatkankerpatienten van waarde kan zijn teneinde 

vroegtijdig botmetastasen op het spoor te komen. PINP, de merkstof voor botvorming, is de 

meest indicatieve merkstof. 

Er waren patienten, veelal met botmetastasen, die behandeld waren met LH-RH agonisten, 

waardoor hun serum testosteron daalde naar castratieniveau. Deze androgeensuppressie bleek de 

spiegels van PINP en ICTP niet te beYnvloeden. Dat betekent dat het botmetabolisme zelf niet 

wordt beYnvloed door deze behandeling, maar de groei van metastasen wel. 

In Hoofdstuk 5 warden 99mTc difosfonaat botscintigrafie, Na[18F]-F PET en kernspintomografie 

(MRI) van het axiale skelet met elkaar vergeleken. De vraag was welk onderzoek bij 

prostaatkankerpatienten met een hoog risico op het ontstaan van botmetastasen de voorkeur 

geniet. Zesendertig patienten met prostaatkanker met een PSA ;;::: 1 Sng/ mL en/ of een 

Gleasonsomscore ;;::: 7 ondergingen in eerste instantie een botscan en een Na[18F]-F PET. Deze 

werden onafhankelijk van elkaar beoordeeld door twee nucleair geneeskundigen. Vervolgens 

werd een MRI van het axiale skelet verricht. De MRI werd gebruikt om de sensitiviteit en de 111 

specificiteit van de botscan en Na[18F]-F PET met elkaar te kunnen vergelijken. De sensitiviteit 

en de specificiteit van deze onderzoeken leverden nagenoeg gelijke getallen op. 

Als na een behandeling van prostaatkanker het serum PSA stijgt, is dit een aanwijzing dat er 

sprake is van een recidief. Dat kan lokaal of loco-regionaal zijn, of metastasering op afstand 

betreffen. Om patienten voor "salvage" behandelingen te selecteren is het belangrijk nauwkeurig 

te re-stadieren. In Hoofdstuk 6 wordt nagegaan of bij patienten met een "biochemisch recidief'' 

na uitwendige radiotherapie met 11C-choline PET de precieze plaats van het recidief 

prostaatkanker opgespoord kan warden. Zeventig patienten werden volgens de ASTR O 

consensus statement in de studie opgenomen. Deze ASTR O consensus heeft betrekking op de 

definitie van biochemisch recidief. Tien patienten zonder recidief ondergingen eveneens een 11C

choline PET scan. De sensitiviteit, specificiteit en accuratesse van 11C-choline PET werden 

vergeleken met onder andere histo-pathologisch bewezen recidief, bevindingen bij andere 

beeldvorming, klinische follow-up gegevens en/ of respons op aanvullende therapie. Bij 

zevenenvijftig van de zeventig patienten met een biochemisch recidief werd bij 1 1C-choline PET 

abnormale opname waargenomen (sensitiviteit 81 %). Bij de tien patienten zonder biochemisch 

recidief was de 11C-choline PET scan normaal. 
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De plaats van recidief was: lokaal bij 41 van de 57 patienten en loco-regionaal en/ of metastasen 

op afstand bij16 van de 57 patienten. De accuratesse was 84%. De PSA verdubbelingstijd en de 

snelheid waarmee het PSA in de tijd steeg bleken significant gecorreleerd te zijn. De patienten 

met alleen een lokaal recidief hadden gemiddeld een PSA verdubbelingstijd van 15.1 maanden en 

een PSA stijgingssnelheid van 3.8 ng/ mL/ jaar. De groep patienten met een loco-regionaal 

recidief en/ of afstandsmetastasen had gemiddeld een PSA verdubbelingstijd van 4.8 maanden en 

een PSA stijgingssnelheid van 11 ng/ mL/ jaar. 

Deze studie wijst uit dat 11C-choline PET een gevoelige en accurate techniek is om patienten met 

een biochemisch recidief na uitwendige bestraling te kunnen re-stadieren. 

Een vergelijkbare studieopzet werd gebruikt bij een andere groep patienten in Hoofdstuk 7. Het 

ging om een groep van 64 patienten met een biochemisch recidief (2 achtereenvolgende 

stijgingen van het serum PSA na een nadir van :S0.2ng/ mL) na radicale prostatectomie. Zij 

ondergingen alien een 11C-choline PET scan. Zeven patienten zonder recidief dienden als 

controlegroep. Er waren ook in deze groep geen vals positieve J JC-choline PET scans. 

Aanvullend werd de PSA kinetiek vergeleken met de uitkomsten van 1 JC-choline PET. Bij 23 van 

de 64 patienten werd een abnormale opname van 11C-choline waargenomen (sensitiviteit 35%). 

Bij 41 patienten bleek er sprake van een vals negatieve 11C-choline PET scan. De overall 

accuratesse was 32%. De plaats van het recidief was: lokaal bij 11 van de 22 en loco-regionaal bij 

12 van de 22. Van deze 22 hadden er drie metastasen op afstand. 

In geval van een lokaal recidief hadden de patienten een gemiddelde PSA verdubbelingstijd van 

9 .6 maanden en een gemiddelde PSA stijgingssnelheid van 1.2 ng/ mL/ jaar. De patienten met 

regionale en/ of metastasen op afstand hadden een gemiddelde PSA verdubbelingstijd van 4.8 

maanden en een gemiddelde PSA stijgingssnelheid van 18.9 ng/ rnL/ jaar. De PSA 

verdubbelingstijd en de PSA stijgingssnelheid bleken significant gecorreleerd te zijn met de 

bevindingen bij J JC-choline PET. 

11C-choline PET blijkt een lage accuratesse te hebben bij het opsporen van de plaats van het 

recidief na radicale prostatectomie en voegt weinig tot niets toe aan PSA kinetiek als het gaat om 

het selecteren van patienten voor 'salvage' behandelingen. 



CONCLUSI ES EN TOEKOMSTVERWACHTI NGEN 

Er is over het algemeen al veel bekend over het intracellulaire cholinemetabolisme, maar het is 

onduidelijk waarom prostaatkankercellen choline relatief snel opnemen. Er blijkt geen relatie te 

bestaan tussen de mate van proliferatie van prostaatkankercellen en choline opname. 

Botmerkstoffen in het serum hebben een toegevoegde waarde bij de diagnostiek van 

botmetastasen bij patienten met prostaatkanker. Het is nog onduidelijk of deze stoffen van 

belang zijn bij het vaststellen van de prognose of voor het stellen van de indicatie voor 

aanvullende behandelingen als bijvoorbeeld intraveneuze toediening van bisfosfonaten. 

De opsporing van botmetastasen met Na[18F]-F PET bij patienten met een relatief hoog risico 

hierop heeft geen toegevoegde waarde ten opzichte van conventionele botscintigrafie met 99mTc 

difosfonaten. Ongetwijfeld zal MRI een steeds prominentere rol gaan spelen bij het stadieren van 

dergelijke patienten. MRI lijkt, als het gaat om het aantonen van voor metastasen verdachte 

afwijkingen in het axiale skelet, in vergelijking tot botscintigrafie en PET sensitiever. Toch zijn er 

meer studies nodig om MRI te valideren. Wellicht kan MRI in combinatie met het meten van 

botmerkstoffen tot een hogere sensitiviteit leiden. 

Het lokaliseren van recidief prostaatkanker met 11C-choline PET na een in opzet curatieve 113 
behandeling leidt tot uiteenlopende resultaten. Na uitwendige radiotherapie heeft 11C-choline 

PET wel een toegevoegde waarde, na radicale prostatectomie niet. 

Bij toekomstig onderzoek zal men zich ongetwijfeld concentreren op de niet specifieke opname 

van choline in prostaatkankercellen. Er zullen meer specifieke tracers gericht tegen 

tumorspecifieke antigenen en receptoren ontwikkeld warden. Een voorbeeld van een stof met 

een tumorspecifieke receptorbinding is het eiwit bombesine, <lat zich bindt aan de 'gastrin

releasing peptide receptor' (GRPR). Mogelijke antigenen in dit verband zijn 'prostate-stem cell 

antigen' (PSCA) en het 'prostate-specific membrane antigen' (PSMA). Vooralsnog gaat het bij 

genoemde stoffen om toepassing in preklinische studies of studies in een vroeg klinische fase. 

11C-choline PET is hoe clan ook tot op heden de meest geschikte tracer om (recidief) 

prostaatkanker in beeld te brengen. 
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DAN KWOORD 

Dit proefschrift was niet tot stand gekomen zonder de hulp van een groot aantal mensen, welke 
op een directe, dan wel indirecte wijze hebben bijgedragen. Mijn dank aan alien. In het bijzonder 
wil ik noemen: 

Dr. de Jong, Igle Jan, copromotor, jij weet als geen ander wat belangrijk is voor onderzoek. Toen 
ik vroeg of het mogelijk was om 'iets' te doen was er niet veel voor nodig. J e bent laagdrempelig 
en benaderbaar. Nooit is het teveel geweest (zo voelde het niet, ten minste) en er was altijd wel 
wat tijd te vinden. J e relativeringsvermogen, nuchterheid en humor in lastige situaties is een 
verademing voor iedereen om jou heen. J e bent de 'consigliere' voor een jonge onderzoeker. 

Ik wil mijn promotores Prof. dr. J.M. Nijman en Prof. dr. R.A. Dierckx bedanken voor het 
mogelijk maken van onderzoek op hun afdelingen en voor hun begeleiding tijdens het onderzoek 
en schrijven van <lit proefschrift. 

Dr. J.Pruim, beste Jan, copromotor, dank je wel voor de samenwerking en je beoordeling van de 
diverse protocollen, manuscripten en bot/ PET-scans. Ik heb het zeer kunnen waarderen <lat je 
in een druk programma altijd snel reageerde. 

Prof. dr. E.J. van der Jagt, beste Eric, dank je wel voor je bijdrage aan <lit project en beoordelen 
van alle MRI's. 

Dr. P.L. Jager, beste Piet, na het samen beoordelen van veel bot en PET scans, heb je voor mij 
bewezen <lat een kritische blik kan warden doorregen met een flinke dosis humor. Daar deed de 
afstand Nederland-Canada niets aan af. Jouw inzicht in wat tijdschriften willen is uitstekend en 
blijkt maar al te vaak waar. 

Dr. W. Sluiter, beste Wim, jij hielp me enigszins wegwijs warden in statistiek. Bassethounds met 
urologische problemen vond ik misschien wel zo interessant! 

De leden van de beoordelingscommissie Prof. dr. J.A. Gietema, Prof. dr. O.C. Baerman en Prof. 
dr. R.C.M. Pelger wil ik bedanken voor de tijd en aandacht zij genomen hebben voor het 
beoordelen van <lit proefschrift. 

Beste drs. A.M. Leliveld en drs. N. Koopmans, Annemarie en Niels, ik ben dankbaar dat jullie 
mijn paranimfen willen zijn. Jullie hebben z6 wezenlijk bij gedragen aan mijn plezier in de 
Urologie en onderzoek doen. Annemarie, ik hoop dat we nog veel kilometers kunnen fietsen. 
Aan gebrek aan energie zal het niet liggen. Niels, dat we elkaar nog vaak mogen treffen voor 
pancakes op zaterdagochtend ergens in de stad! 

Veel dank ben ik verschuldigd aan Prof. dr. H.J .A. Mensink. Prof. dr. C.H. Gips, de eerste stapjes 
richting onderzoek zijn gezet in Kaapstad in een archief met levercoupes waar het er uit zag alsof 
er een born was afgegaan. Jullie beide voortdurende steun en stimulans aan jonge mensen 
inspireert velen. 

Staf en artsen van de afdeling Urologie, voor steun en hulp bij verschillende stadia van het 
onderzoek. In het bijzonder dr. M.F. van Driel. Mels, door jou is het af. Vaak konden de 'loze 
uurtjes' gevuld warden met kleinere artikelen of onderwijsactiviteiten. Sessies bij jou op de bank 
werken therapeutisch. 
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Staf en artsen van de afdeling Nucleaire geneeskunde en Moleculaire beeldvorming. Voor de 
moeite die zij namen in het beoordelen van vele PET/ botscans en het geduld wanneer hun 
apparatuur werd bezet door iemand 'van die andere afdeling'. 

Ook wil ik graag de secretaresses van het PET-centrum, Arja en Erna, de secretaresses van de 
afdeling Urologie, UMCG bedanken voor hun inzet van het plannen van patienten voor scans en 
poliklinische afspraken. De urologen in het Nijsmellinghe, Drachten, Martini Ziekenhuis, 
Groningen, Isala klinieken, Zwolle en MCL te Leeuwarden dank ik voor het meedenken en zo 
aan patient inclusies voor studies te kunnen voldoen. Speciaal noem ik Elly Buist afdeling 
Urologie van het Martini Ziekenhuis voor de eindeloze moeite die je nam om mij toch te 
voorzien van die ene PSA waarde! 

Opleiders, chirurgen en artsen Chirurgie Martini Ziekenhuis. Jullie boden mij een kans. Ik heb het 
met heel veel plezier gedaan! 

In de loop der jaren heb ik veel tijd doorgebracht met andere onderzoekers: Hildo Ananias, 
Geske Dijkstra, Saskia Dijkstra, Joke Fleer, Merel Koning, Klaas Pieter Koopmans, Liesbet 
Ruytjens, Marrit Tuinman. 

Aan mijn vrienden; ik vind het fijn <lat jullie mijn vrienden zijn. 

Broers Breeuwsma, we zien elkaar graag. Dat blijft zo. Piet Hein, mooie kaft heb je gemaakt! 

Mijn ouders. Ze hebben mij er op gewezen dat doorzettingsvermogen bijna alles mogelijk maakt 
en jullie hebben me bij elke stap gesteund. Daarom is <lit proefschrift aan jullie opgedragen. 

Lieve Durkje. Voor al je liefde en onvoorwaardelijke steun. 
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De auteur van dit proefschrift werd geboren op 28 januari 1977 te Dar es Salaam, Tanzania. In 

1982 verhuisde hij met zijn ouders naar Nederland. In 1990 vertrok het gezin opnieuw naar het 

buitenland, dit keer Zimbabwe. Daar behaalde hij in 1993 zijn ' O'-level en in 1995 zijn 'A'-level 

examens aan de Jezu.Ieten jongensschool, Saint George's College, te Harare. Na het extra vak 

biologie te hebben behaald werd in 1996 begon hij met de studie Geneeskunde aan de 

Rijksuniversiteit Groningen. Naast zijn studie heeft hij gewaterpolood bij de G.S.Z.C. de 

Walvisch. In 2000 behaalde hij het doctoraal examen na een wetenschappelijke stage in Kaapstad, 

Zuid-Afrika (Prof. dr. C.H. Gips en Professor P de la Motte Hallt). Het artsexamen werd in 2002 

behaald. In 2003 begon hij als AGNI O bij de afdeling Urologie (Prof. dr. J. M. Nijman) en startle 

hij eind <lat jaar met zijn onderzoek beschreven in dit proefschrift. Na aangenomen te zijn voor 

de opleiding tot uroloog begon hij in 2006 met zijn vooropleiding Heelkunde in het Martini 

ziekenhuis (dr. P.C. Baas en dr. G.I. J.M. Beerthuizen). Thans vervolgt hij zijn opleiding Urologie 

in het Universitair Medisch Centrum Groningen (Prof. dr. J.M. Nijman en dr. I. J. de Jong). Hij 

woont samen met Durkje de Vries. 
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