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CHAPTER 1

GENERAL INTRODUCTION.
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pending on age and general condition of the patient. Patients with clinical suspicion

of extra-capsular extension without signs of metastases (T3 N0 M0), especially in

case of an undifferentiated carcinoma, do not benefit from radical surgery12. These

patients may be treated non-surgically, for instance by radiotherapy or by hormonal

therapy up front. In selected cases with minimal disease (T1) with low grade tumor, a

watchful waiting policy can be followed.

For patients with regional lymph node metastases (N1) only, the treatment choices

have increased in the recent years using combined treatment modalities (for instance

external beam radiotherapy combined with adjuvant hormonal treatment). For pa-

tients with non-regional metastases (M1) hormonal treatment is indicated but at this

moment it is not clear whether all patients should be treated at an early stage as

possible.

Table 1. TNM Classification of prostate cancer (UICC 1997).

Tx Primary tumor cannot be assessed

To No evidence of primary tumor

T1 Non palpable or visible

T1a  tumor incidental histological finding in < 5% of tissue resected

T1b tumor incidental histological finding in > 5% of tissue  resected

T1c non palpable tumor identified by needle biopsy

T2 Confined within the prostate

T2a  palpable tumor in one lobe

T2b  palpable tumor in both lobes

T3 Through prostatic capsule

T3a  extracapsular extension

T3b  tumor invades seminal vesicles

T4 Fixed or invades adjacent structures: bladder neck, external sphincter or

rectum, levator muscles, pelvic wall

Nx regional lymph nodes cannot de assessed

N0 no regional lymph node metastases

N1 regional lymph node metastases

Mx presence of distant metastases cannot be assessed

M0 no distant metastases

M1a non regional lymph nodes metastases

M1b bone metastases

M1c other site(s)
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In the detection of a recurrent tumor after therapy for localized prostate cancer, PSA

is the most sensitive tool. The increase of PSA precedes the clinical detection of a

local recurrence by 6-49 months and a distant recurrence by several years13,14. How-

ever, a rise of PSA cannot distinguish between a local or a distant recurrence. Digital

rectal examination is normal in 50% of the patients with a local recurrence. Transrectal

ultrasound and transrectal biopsies of the prostatic fossa both fail to detect about 50%

of the local recurrences15,16. MRI and CT scans are not sensitive in the detection of a

local recurrence due to anatomical changes after surgery or radiotherapy.

Despite the improvements obtained with contrast enhanced MRI, a further improve-

ment of pre-operative staging and of imaging methods to detect the site of recurrent

prostate cancer is needed. Improvement may be reached by employing a metabolic

imaging technique rather than an anatomic technique. In this respect positron emis-

sion tomography (PET) may play a role.

POSITRON EMISSION TOMOGRAPHY

PET is based on the detection of radiation emitted by positron emitting radionuclides

incorporated into radiopharmaceuticals. Carbon-11 [11C] and fluor-18 [18F] are two of

the most common used radionuclides with PET. Carbon-11 has a physical half life of

20 minutes, whereas fluor-18 has a physical half life of 110 minutes. The  11C- or 18F

atoms are incorporated into a radiopharmaceutical and emit positrons (β+). The

positrons annihilate with electrons, thereby releasing two photons (511 keV) in oppo-

site directions. The PET camera measures these annihilation signals and can dis-

criminate between tissues with a high or a low radioactivity uptake.

PET combines tumor detection with new insights in tumor metabolism and plays a

role in several aspects in clinical oncology:

1. In vivo tumor analysis. Tumor biochemistry is investigated in vivo, which en-

larges the knowledge of tumor behavior. Glucose metabolism, protein synthesis,

DNA synthesis, tumor perfusion, hypoxia and membrane synthesis are subjects

of interest.

2. Detection and grading. Correlation of the uptake of the radiotracer with the histo-

logical malignancy grade

3. Staging. Using whole body PET, primary tumors and its metastatic sites can be

visualized.

4. Monitoring therapy. Observing the tumor metabolic response to chemotherapy,

hormonal therapy or radiotherapy.
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RADIOPHARMACEUTICALS

GLUCOSE ANALOGUE

So far, most oncological PET-studies have been carried out with the glucose ana-

logue 18F-fluoro-2-deoxy-D-glucose (FDG). The accumulation of FDG reflects glu-

cose consumption
17,18

. FDG is phosphorylated by the enzyme hexokinase and is trapped

in the cell
19

. In tissues with active glucose-6-phosphatase, such as liver, the radiotracer

can be cleared. The use of this tracer in tumors is originally based on the observation

of Warburg that cancer cells show a shift in their metabolism towards anaerobic gly-

colysis. An increased expression of the Glut-1 glucose transporter on the cell mem-

brane of the tumor is now considered to be the most important physiological back-

ground for FDG uptake in tumors
20

. High FDG uptake has been described in various

types of cancer, like lung cancer, lymphoma, colorectal cancer, head and neck cancer,

melanoma, thyroid cancer, breast cancer, brain tumors, soft tissue sarcomas, and bone

sarcoma
21

. FDG has been used for detection of both primary tumors as well as me-

tastases. In addition, FDG has been used for evaluation of cancer therapy. The whole

body FDG-PET technique has been applied to a large spectrum of tumors. In most

cases, diagnostic sensitivity, specificity and accuracy are in the range of 85-90% for

the detection of primary tumors, metastases or recurrences
21

.

It is generally accepted that FDG-PET is the best method for the detection of medias-

tinal metastases of non-small cell lung cancer. Recently also suspicion of recurrence

of colon carcinoma, metastases of melanomas and staging of malignant lymphomas

are considered as indications for FDG-PET.  So, FDG-PET has gradually been trans-

formed to an accepted diagnostic tool in oncological patient care.

FDG-PET tumor imaging can be hampered by non-selective uptake in tissues that

utilize glucose. Inflammation tissue
22-27

, normal brain tissue
19

, benign tumors
28

 and

scar tissue
29

 demonstrate increased FDG-uptake. Even within tumors, the totality of

FDG uptake is not completely within the tumor cells themselves. About 24% of the

FDG concentration in a tumor mass, is actually in macrophages and other inflamma-

tory cells within the tumor itself
30

.

The uptake of FDG in prenecrotic or hypoxic cells in tumors is high. Treatment evalu-

ation using FDG needs special attention, because the increments of activated mac-

rophages and prenecrotic/hypoxic cells may induce high uptake even though no tu-

mor cells are viable at all.

The differentiation of malignant and benign tumors with FDG has been reviewed by

Strauss
25

, who indicated that specificity is a problem indeed.

FDG-PET tumor imaging can also be hampered by the excreted radioactivity in the

urinary system. Mainly for this reason, the use of FDG-PET in urologic oncology is
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still limited
31-33

.

AMINO ACIDS

The majority of the amino acid PET studies to establish the predictive value for the

grading of malignancy and to assess the effect of therapy were performed with [me-

thyl-11C]methionine (MET)
34

. It has been shown that MET-uptake in tumors is not

affected by inflammatory reactions. MET-PET has been used in bladder cancer in

both the imaging
35

 and evaluation of chemotherapy
36

. Bladder tumors > 1 cm were

detected and MET- PET could identify non-responders but was not of use in monitor-

ing the response to chemotherapy. The complicated metabolism of methyl labeled

MET
37

 makes it impossible to apply mathematical models to calculate protein syn-

thesis rates (PSR). Therefore as an alternative, PSR in tumors has been assessed in

vivo using L-[1-11C]tyrosine (TYR) and L-[1-11C]leucine in for instance sarcomas
38,39

,

in brain tumors
40,41

 and in soft tissue tumors
42

. TYR-PET has been successfully ap-

plied in detection of different tumors and metastases and in the evaluation of therapy.

A correlation was found between PSR and the Ki-67 proliferation index, and between

PSR and mitotic rate in human soft tissue sarcomas
43

.

CELL PROLIFERATION MARKERS

Thymidine has also been labeled with [11C]
44

, and it has been demonstrated that it is

rapidly incorporated into DNA. In patients with lymphomas, [11C]thymidine uptake

correlated with tumor grade
45

. Uptake of [11C]thymidine declined in patients with

small cell lung cancer and high-grade sarcoma after chemotherapy
46

. [11C]Thymidine

retention in tumor declines more rapidly than FDG after successful therapy. The im-

age quality and calculation of proliferation rates with [11C]thymidine are impaired by

its rapid metabolism and the short half-life of [11C](20.3 min). Only by using a five

compartment kinetic model requiring administration of radiolabelled thymidine and

its main metabolite [11C]CO
2
, it was shown to be possible to estimate the flux of

thymidine uptake and incorporation into DNA and, thereby, non invasively estimate

regional cellular proliferation using [11C]thymidine and PET in normal tissue
47,48

 and

brain tumors
49

.

FLT is the [18F] fluorinated analogue of thymidine. FLT is distributed within the hu-

man body like thymidine
46

. After entering the cell, FLT is phosphorylated by thymi-

dine kinase (TK). It is not metabolized. FLT is irreversibly trapped in tissue
50

.  FLT

shows radiochemical similarities to FDG, including rapid excretion in urine. So un-

fortunately, FLT has the same limitations as FDG in prostate and bladder cancer.
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MEMBRANE SYNTHESIS MARKERS

Carbon-11 labeled choline (CHOL) is recently reported as a new PET radiopharma-

ceutical for tumor detection
51

. Choline is one of the components of phosphatidylcho-

line, an essential element of phospholipids in the cell membrane. Malignant tumors

may show a high proliferation and increased metabolism of cell membrane compo-

nents which will lead to an increased uptake of choline
52

.

Carbon-11 labeled acetate (ACET) is also proposed as a new PET radiopharmaceuti-

cal for tumor detection
53

. So far, ACET is generally applied as a tracer to assess re-

gional blood flow and oxidative metabolism in the myocardium. In tumor tissue, the

metabolism of acetate is not yet fully understood, but a non oxidative pathway is

proposed. In different types of tumor cells, 90% of the radiolabeled 14C activity from

1-14C-acetate is in-vitro incorporated in lipids(54). Within this lipid fraction, phos-

phatidylcholine is the predominant metabolite. Therefore, the uptake of ACET in

tumor cells may reflect growth activity or proliferation by an enhanced membrane

synthesis
54

.

PET AND  PROSTATE CANCER

Imaging of prostate cancer by FDG-PET is hampered by the low uptake of FDG in

prostate cancer and by excreted radioactivity in the urinary system
31-33

. Bladder drain-

age or forced diuresis did not overcome the problem of accumulation of radioactivity

in the bladder completely and the results of FDG-PET in the  staging of prostate

cancer only improved by continuos bladder irrigation of 4 liters per hour
55

. In the

detection of the primary tumor however, FDG-PET could not discriminate between

BPH, fibrosis or carcinoma
31,56,57

. FDG-PET also proved to be of low value in the

detection of local recurrent prostate cancer as FDG uptake did not differ between

post-operative scar tissue and recurrent tumor
57,58

. FDG-PET was less sensitive com-

pared to technetium bone scintigraphy in the detection of bone metastases in patients

with prostate cancer
56,59

.

N-(3-[18F]fluoropropyl)-putrescine, a polyamine with high uptake in the prostate was

used with success in animal prostate tumor models
60

, but no human studies were

reported since. Carbon-11 labeled putrescine  was not useful as PET tracer
61

 in pre-

clinical human studies due to the high uptake in normal prostate tissue.

In animal studies, [18F]labeled PET tracers based on a number of androgens have

been used
62

, but so far no human studies are available. The preliminary results of

[18F]fluoro-misonidazole PET to study tumor hypoxia in prostate cancer were not

encouraging
63

.
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Carbon-11 labeled 5-hydroxy-tryptophan
64

 and carbon-11 labeled acetate
53

 were used

in hormone refractory or in  progressive prostate cancer. Both tracers were able to

identify metastatic bone lesions and monitor the effect of second line hormonal or

chemotherapy.

MET-PET has also been used in patients with progressive prostate cancer. The differ-

ence in uptake of MET before and after systemic treatment could be measured in a

selected bone metastasis
65

.

First results with CHOL-PET in patients with (advanced) prostate cancer showed

visualization of the primary tumor and of known metastatic sites
66,67

.

AIM OF THIS THESIS.

As the conventional imaging techniques based on morphology have shown to be of

limited use in preoperative lymph node staging and in the detection of recurrent uro-

logic tumors, a metabolic imaging technique like PET could be of value in this re-

spect. FDG-PET has shown its usefulness in clinical oncology and is more sensitive

and specific in tumor detection, tumor staging and therapy evaluation compared to

the conventional imaging modalities. However, FDG uptake is not restricted to tu-

mor only but also observed in inflammatory lesions and scar tissue. Next, FDG up-

take in prostate cancer is low and radioactivity delivered from FDG is rapidly ex-

creted in urine and accumulates in the bladder. For these reasons, FDG-PET has not

proven to be of additional value in patients with prostate and bladder cancer.

So far, new (experimental) PET tracers based on androgens, amino acids or polyamines

were not successful in the imaging and staging of prostate cancer in humans. In moni-

toring of  (second line) hormonal therapy or chemotherapy a limited success was

reached using  MET-PET and ACET-PET.

As PET has already proven to be of value in many tumors it could be useful in uro-

logic tumors, provided a radiopharmaceutical would be available which combines a

high uptake in the tumor with minimal excretion of radioactivity in the urine.

The first objective of this thesis is to evaluate the imaging qualities of PET in prostate

and bladder cancer patients with ‘new’ radiopharmaceuticals. The visualization of

the primary tumor and metastatic sites is presented using three different [11C] labeled

radiopharmaceuticals, choline, acetate and tyrosine.

In chapter 2, the results on the visualization of prostate cancer with CHOL-PET in

consecutive patients with adenocarcinoma of the prostate and in healthy men with

benign hyperplasia is presented. Choline is a basic component of phospholipids of

the cell membrane. Uptake of choline could represent cell proliferation by membrane
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CLINICAL BACKGROUNDS OF PROSTATE CANCER.

The incidence of prostate cancer is increasing, and in many countries prostate cancer

is the most common diagnosed malignancy in men and the second cause of cancer

death, exceeded by lung cancer only. The Netherlands Cancer Registry shows an

incidence of prostate cancer of 86 cases per 100.000 and a mortality of 32 cases per

100.000 in 19981. The age adjusted mortality of prostate cancer in the Netherlands

has increased per year from 1950 till 19902. From 1997 the age adjusted mortality

shows a slight decrease3.

For the diagnosis of prostate cancer several diagnostic tools are used. Serum prostate

specific antigen (PSA) is the strongest predictor for prostate cancer and is currently

under study as a tool for screening of prostate cancer in the European Randomized

Study of screening for Prostate Cancer4,5. Digital rectal examination (DRE) is the

primary method for evaluating the prostate but DRE performs poorly in clinical stag-

ing6. Transrectal ultrasound (TRUS) guided biopsies are the golden standard to ob-

tain a histological diagnosis of prostate cancer.

For clinical staging several conventional imaging modalities as TRUS, computarized

tomography (CT) and magnetic resonance imaging (MRI) are used. In staging of the

primary tumor, MRI is considered to be superior to CT and TRUS with an accuracy

of 68% for detection of tumor extension beyond the capsule of the prostate7. In stag-

ing of the lymph nodes, CT is slightly superior to MRI but the sensitivities are rela-

tively low and vary from 32 to 78% for CT versus 35 to 65% for MRI (8-10). A pelvic

lymphadenectomy remains the gold standard for lymph node staging. Finally, for the

detection of distant metastases it is advised to perform a bone scintigraphy.

Prostate cancer is classified according to the TNM system of the International Union

Against Cancer / Union International Contra Cancer (UICC) (Table 1).

For the determination of the tumor grade the Gleason system is generally used. The

Gleason system utilizes glandular configuration and the amount of tumor showing

specific histopathological patterns to develop a scoring system from 1 to 5. The Gleason

sum score is based on the two dominant histopathological growth patterns within the

tumor and varies between 2 and 10. The Gleason score in prostate biopsies has proven

to be an independent prognostic variable although a difference between the Gleason

score in the biopsy and after prostatectomy is known11.

The treatment of prostate cancer greatly depends on the stage and grade of the dis-

ease. In general, patients with clinically localized prostate cancer without signs of

metastases (T1-2,N0,M0) are treated with radical prostatectomy or radiotherapy, de-
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synthesis.

In chapter 3, the visualization of prostate cancer with ACET-PET is presented. Al-

though the metabolism of acetate in tumors is not yet completely understood, a non-

oxidative pathway is proposed in which acetate enters the lipid pool in the cell.  In a

cohort of patients with  localized prostate cancer and in patients with proven benign

prostatic hyperplasia, the uptake of ACET was measured and the visualization of the

primary tumor was studied. In chapter 4, the imaging of prostate cancer with TYR-

PET is described in five patients with locally advanced prostate cancer. Visualization

of tumors with TYR is based on the protein synthesis. In chapter 5, the results of the

study on the visualization of bladder cancer with CHOL-PET are presented.

The second objective of this thesis is to study lymph node staging and evaluation of

treatment of prostate cancer. For these studies we used the radiopharmaceutical with

the best imaging properties, based on the results of the studies presented in the first

part of this thesis, i.e. with CHOL .

The use of  CHOL-PET in pre-operative lymph node staging is presented in a study

in 67 consecutive new patients with prostate cancer in chapter 6. In this study the

sensitivity, specificity and accuracy of  CHOL-PET are measured and compared with

histology of pelvic lymphadenectomy and clinical follow up. In chapter 7 the feasi-

bility of an evaluation of treatment of localized prostate cancer with CHOL-PET is

studied in a series of 35 patients treated with either radical prostatectomy or external

beam radiotherapy. The results of the CHOL-PET studies are compared with histol-

ogy and clinical follow up. Next,  the current status of radio-immunoscintigraphy as

reported in the literature is discussed.  A summary of the results of the studies, de-

scribed in this thesis, together with conclusions and directions for future research are

given in chapter 8.
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