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SUMMARY

Prostate cancer is an important disease as it has become the most common diagnosed

malignancy in men in an increasing number of countries. Moreover, it is the second

cause of cancer death, exceeded by lung cancer only.

For the diagnosis of prostate cancer, the serum prostate specific antigen (PSA) is the

strongest predictor and with the general availability of PSA, the detection of prostate

cancer has improved. This has led to an increased incidence as well as to an increase

in the detection of early stage tumors. Currently, PSA is under study as a tool for

screening of prostate cancer but it is expected that the answers to the scientific questions

on screening of prostate cancer are not to be anticipated for many years.

For clinical staging several conventional imaging modalities as transrectal ultrasound

(TRUS), computerized tomography (CT) scans and magnetic resonance imaging (MRI)

scans are used, but they all share a limited sensitivity in the detection of tumor extension

beyond the capsule of the prostate, in preoperative staging of the lymph nodes and in

the detection of recurrent tumor.

Although improvement has been obtained with contrast enhanced MRI, further

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

recurrent prostate cancer is needed. This improvement may be reached by employing

an imaging technique which is not dependent on the size of anatomical distortions.

For this, positron emission tomography (PET) could be of use as sensitive imaging

technique, provided  radiopharmaceuticals would be available which combine a high

uptake in the tumor with minimal excretion of radioactivity in the urine. In the present

thesis the visualization of prostate and bladder cancer with PET is investigated using

three different carbon-11 labeled radiopharmaceuticals, 11C-choline, 11C-acetate and
11C-tyrosine. Next, clinical application of 11C-choline, as the tracer with the finest

imaging qualities, was studied in preoperative lymph node staging and in the evaluation

of treatment of patients with prostate cancer.

First, in a general introduction, the clinical backgrounds of prostate cancer, the

observations from the epidemiology and the current standard of diagnosis and staging

are described in chapter 1. In particularly the limitations of the conventional imaging

techniques are specified. In brief, both TRUS, CT and MRI have a low sensitivity in

the detection of extracapsular tumor growth with MRI as best performing technique

(sensitivity 68%). In preoperative lymph node staging, the sensitivity of CT is between

32 to 78% versus 35 to 65% for MRI. For the detection of recurrent tumor the increase

in serum PSA is the best predictor, but PSA cannot discriminate between a local or a

distant recurrence. Transrectal ultrasound and transrectal biopsies of the prostatic
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fossa both fail to detect about 50% of the local recurrences. MRI and CT scans are not

sensitive in the detection of a local recurrence due to anatomical changes after surgery

or radiotherapy.

Next, a concise description of PET and of the most commonly used radiopharma-

ceuticals in oncological imaging with PET are presented. So far, the majority of

oncological PET-studies have been carried out with the glucose analogue 18F-fluoro-

2-deoxy-D-glucose (FDG). The use of this tracer in tumors is originally based on the

observation of Warburg in the 1930’s that cancer cells show a shift in their metabolism

towards anaerobic glycolysis. Today, an increased expression of the Glut-1 glucose

transporter on the cell membrane of the tumor is considered to be the most important

physiological background for the increased FDG uptake in tumors. FDG-PET has

shown its usefulness in clinical oncology in many tumors and has shown to be more

sensitive and selective in tumor detection, tumor staging and therapy evaluation than

conventional imaging modalities. However, FDG uptake is not restricted to tumor

only but also observed in inflammatory lesions and scar tissue. Next, FDG uptake in

prostate cancer is low and radioactivity delivered from FDG is rapidly excreted in

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

be of additional value in both staging and in monitoring of therapy of patients with

prostate and bladder cancer. So far, other (experimental) PET tracers based on

androgens, amino acids or polyamines were not successful in the imaging and staging

of prostate cancer in humans. In monitoring of  hormonal therapy or chemotherapy a

limited success has been reached using 11C-methionine-PET and 11C-acetate-PET.

These disappointing results from the literature are the basis for the studies presented

in this thesis.

In chapter 2, the results on the visualization of prostate cancer with 11C-choline

(CHOL)-PET are presented. Choline is one of the components of phosphatidylcholine,

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

show a high proliferation and increased metabolism of cell membrane components

which will lead to an increased uptake of choline. Twenty five consecutive patients

with histologically proven prostate cancer and five patients with a benign prostate

were included. The normal prostate was visualized with a mean SUV of  2.3 (range

1.3 to 3.2). The primary tumor could be visualized as a hot spot in the prostate,

discriminating the tumor well from benign tissue in the virtual absence of urinary

radioactivity, with a mean SUV of 5.0 (range 2.4 to 9.5) (p=0.04 vs. benign prostate),

Next, pelvic lymph node metastases > 5 mm could be identified. Non-specific uptake
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of CHOL was noticed in the intestines. The results from this study confirm the early

results in the literature by others. We concluded that the uptake of CHOL in prostate

cancer is avid, both in the primary tumor as in the lymph node metastases. Further

clinical research on the value of CHOL-PET as a metabolic imaging technique is

warranted by these imaging qualities

In chapter 3, the visualization of prostate cancer with 11C-acetate (ACET)-PET is

presented. Acetate metabolism in tumors is not yet completely understood, but a non-

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

is different from acetate metabolism in the heart, where acetate reflects oxidative

metabolism which is the basis for assessment of myocardial viability with ACET-

PET.  In a cohort of twelve patients with  localized prostate cancer and five patients

with proven benign prostatic hyperplasia, the uptake of ACET was measured and the

visualization of the primary tumor was studied. The benign prostate was visualized

with a SUV of  2.8 ± 0.9 (mean ± SD). The primary tumor could be visualized with a

SUV of  3.6 ± 1.5 (mean ± SD). The difference in uptake between cancer and benign

hyperplasia was not significant. Non-specific uptake of ACET was observed in the

intestines and in the bone marrow. Little to no radioactivity in the bladder was noticed.

It was concluded that ACET is avidly taken up in both prostate cancer and in benign

prostates, poorly discriminates cancer from benign prostatic hyperplasia. Non specific

uptake is seen in intestine and bone marrow. These imaging results could confine

clinical application of ACET-PET as a metabolic imaging technique in prostate cancer

especially in those cases where the prostate is still in situ, either before or after therapy.

More studies are needed before a definitive conclusion can be drawn about the value

of ACET as radiotracer for prostate cancer with PET.

In chapter 4, the imaging of prostate cancer with L-[1-11C]-tyrosine (TYR), an amino

acid, is described in patients with prostate cancer. TYR has been used as radiotracer

for PET in many tumors, and visualization is based on the protein synthesis. The

study was initially started in five patients with advanced stage prostate cancer. The

primary tumor was visualized in 3 of the 5 patients with a SUV of 2.1 (range 1.7 –

2.5) and a TNT ratio of 2.3 (range 2.0-2.4).

In 2 of the 3 patients with stage N1 prostate cancer, the lymph node metastases could

be visualized. The uptake of TYR in prostate cancer, even in patients with large tumor

volumes, remains rather low as compared to the uptake in the pelvic region, leading

to images with a low contrast. This low uptake of TYR could be caused by the low

metabolism of prostate cancer with a low protein synthesis rate. This is in contrast

with the high uptake of TYR as has been shown in other tumors like squamous cell
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carcinoma of the oropharynx, soft tissue tumors and non-small cell lung cancer.

However, the low uptake in prostate cancer is in corrobation with the results obtained

in patients with squamous cell cancer of the vulva, where TYR-PET performed poor

in imaging and staging of inguinal lymph nodes. Therefore, although the number of

patients studies is limited,  we conclude that TYR is not a valuable tracer for imaging

of prostate cancer with PET and further study is not recommended.

In chapter 5, the results of the study on the visualization of bladder cancer with

CHOL-PET are presented. Eighteen patients with bladder cancer and five healthy

volunteers were included. In the normal bladder wall, the uptake of  CHOL was low,

and the bladder margin was only outlined by minimal urinary radioactivity, if present.

In ten patients the bladder tumor was detected correctly by CHOL-PET with a SUV

of 4.7 ± 3.6 (mean±SD). One false positive CHOL-PET scan was seen in a patient

with an indwelling catheter for 2 weeks prior to the PET scan. In two patients lymph

node metastases were detected by CHOL-PET. A metastasis < 5 mm was not visualized

with CHOL-PET. In six of seven patients without residual tumor after final surgery

(R0), CHOL-PET imaging was true negative. In situ carcinoma, dysplasia and a non

invasive urothelial tumor (pTa) remained undetected in three of these six patients.

Urinary radioactivity interfering with the evaluation of the bladder was seen in 1/23

subject. Non-specific uptake of CHOL was observed in the small bowel, rectum and

prostate gland. In this first study on imaging of bladder cancer with CHOL-PET we

conclude that the uptake of CHOL in bladder cancer was avid, visualizing  the tumor

in the virtually absence of urinary radioactivity. No uptake of CHOL was seen in pre-

malignant lesions or in small non-invasive tumors. These results warrant  further

research into the value of  CHOL-PET in the clinical management of patients with

muscle invasive bladder cancer.

For the second objective of this thesis - lymph node staging and evaluation of treatment

of prostate cancer-  CHOL was studied as the radiopharmaceutical with the best

imaging qualities. In chapter 6, the use of  CHOL-PET in preoperative lymph node

staging is presented in a study in 67 consecutive patients with prostate cancer. In this

study the sensitivity, specificity and accuracy of  CHOL-PET are calculated and results

are compared with histology of pelvic lymphadenectomy, clinical follow up and

conventional imaging. CHOL-PET was true positive in 12/15 patients with

histologically proven lymph node metastases and was false negative in three patients.

Fifty-two patients had no lymph node metastases. CHOL-PET was true negative in

50/52 patients and false positive in two patients. In one patient the uptake of CHOL

was increased in a lymph node with inflammatory changes. As we did not find any
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inflammatory changes in lymph nodes in other lymphadenectomy specimens, it is

not clear whether uptake of CHOL is increased in reactive tissue as well as in cancer.

In the second patient with a false positive CHOL-PET, focal bowel activity in a

recurrent inguinal hernia mimicked a nodal metastasis. We calculated a sensitivity of

CHOL-PET for staging metastatic lymph node disease of 80%, a specificity of  96%

and an accuracy of 93%. Next, CHOL-PET detected solitary extra regional lymph

node metastases in 5/12 patients with nodal metastases.  Follow up of PSA for one

year after therapy excluded any false negative case. Conventional imaging by either

CT or MRI showed a sensitivity of 47%, a specificity of 98% and an accuracy of 86%

in this group of patients. Our study showed that CHOL-PET is sensitive and accurate

in preoperative staging of pelvic lymph nodes in prostate cancer.

The results of the feasibility study on the evaluation of treatment of localized prostate

cancer with CHOL-PET are presented in chapter 7. A series of 36 patients treated

with either radical prostatectomy or external beam radiotherapy were included in this

study. The results of CHOL-PET were compared with the results of histology and

with clinical follow up. Fifteen patients had no biochemical failure after therapy as

indicated by serum PSA values.  CHOL-PET was true negative in 15/15 patients.

Twenty-one patients had a biochemical failure. In twelve patients recurrent tumor

was identified by CHOL-PET. In eleven patients the recurrent tumor was confirmed

by biopsy or by bone scan. In nine patients with a negative CHOL-PET scan, no

recurrent tumor could be proven clinically, by biopsy nor during follow up. We

concluded that CHOL-PET is a feasible technique for evaluation of treatment with

radical prostatectomy or external beam radiotherapy for localized prostate cancer but

confirmatory studies are needed to determine the efficacy of CHOL-PET as compared

to other (imaging) techniques. Our first results suggest that the clinical potential of

CHOL-PET after radical prostatectomy will not extend beyond conventional imaging

techniques, indicated by the negative scans in patients with a biochemical recurrence

in the PSA range to 5 ng/ml.
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CONCLUSIONS AND FUTURE PERSPECTIVES

From this thesis it may be concluded that CHOL presents a new radiopharmaceutical

for imaging of bladder and prostate cancer with PET. We showed that CHOL lacks

the limitations as seen with FDG and that imaging qualities in both prostate and in

invasive bladder cancer are good. So, as the use of conventional imaging techniques

like CT and MRI is limited in several clinical situations, CHOL-PET was further

studied for its use in preoperative lymph node staging and in the evaluation of treatment

of localized prostate cancer. In these clinical studies, CHOL-PET showed to be a

sensitive and accurate technique for lymph node staging. Next , we could demonstrate

the feasibility of CHOL-PET in the evaluation of treatment of localized prostate cancer.

However, our  data suggest that the clinical potential of 11C-choline PET after radical

prostatectomy will not extend beyond conventional imaging techniques for the

detection of a local recurrence.

From the two other radiopharmaceuticals studied for imaging of prostate cancer in

this thesis, TYR showed not to be of use for imaging of prostate cancer with PET.

Subsequently, ACET-PET did not demonstrate discrimination between cancer and

benign hyperplasia. This result has recently been confirmed in a series of 30 patients
1

and strongly points at a limitation of ACET-PET in patients with the prostate in situ.

In the literature, ACET-PET has shown to be of use in preoperative staging as well as

in the detection of recurrent prostate cancer after radical prostatectomy
2,3,4

. It could

be that clinical application of ACET-PET is confined to these two situations. But, as

it has been shown that cure after a radical prostatectomy with salvage radiotherapy is

only to be expected in patients with low PSA value (probably < 1 ng/ml), the use of

PET in general in these group of patients is controversial
5

.

As the studies presented in this thesis are among the first available in the field of

CHOL-PET imaging of prostate and bladder cancer, confirmatory data are still needed.

Therefore, suggestions for further research on lymph node staging are proposed for

two reasons. First, to statistically prove the increased sensitivity of CHOL-PET as

compared to conventional imaging techniques. Second, to evaluate whether CHOL-

PET will be capable to replace a pelvic lymphadenectomy in patients at risk for nodal

metastases in future. Furthermore, a combined CHOL-PET and Fluorine-PET scan

should be studied as a single imaging procedure for both lymph node staging and

evaluation of bone metastases, both on accuracy and cost-effectiveness.

Next, evaluation of treatment by external beam radiotherapy or by brachytherapy

should be studied further, especially as second line local treatment like cryoablation,
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high intensity focussed ultrasound (HIFU) and radiofrequency interstitial tumor

ablation (RITA) are becoming feasible. A third area for further research on CHOL-

PET could be the evaluation of hormonal therapy and/or  chemotherapy in metastatic

disease and in hormone refractory prostate cancer.

Finally, in the field of developments on radiopharmaceuticals for PET imaging of

prostate cancer, the need for clinical studies should be emphasized before the value

of each potentially new tracer can be determined. The limitations of ACET-PET in

prostate cancer are amongst others discussed in this thesis, and should be clarified

further in near future. 18F-labelled choline, a theoretical alternative to CHOL, has

already shown a rapid excretion of radioactivity into the urine
6

, a major limitation as

is seen with FDG-PET. Thus, in spite of a potential practical limitation - a 11C-labelled

tracer with a physical half-live of 20 minutes - CHOL is the first useful radio-

pharmaceutical for imaging, staging and monitoring of therapy of prostate cancer

with PET so far.
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