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Abstract 
The PET-CT imaging modality is based on positron emission tomography combined 
with computed tomography. Before a PET-CT examination, a radioactive tracer 
(also called a radiopharmaceutical) is intravenously injected into the patient. PET 
technology images the distribution of this tracer element by detecting the decay. In 
recent years, PET technology has been developed and improved in hardware and 
software. In addition, new radioactive tracers have been introduced. 

Prostate cancer is one of the most common cancers affecting men. PET-CT is used 
to evaluate the suspected primary tumour, for staging, to evaluate the treatment, and 
to diagnose suspected recurrences. In 2017, the PET-CT machine park at Skåne 
University Hospital was upgraded from conventional PET-CT systems to newly 
developed and improved PET-CT systems.  

Previously, the radioactive tracer [18F]fluorocholine ([18F]FCH) was used in PET-
CT examinations of prostate cancer at Skåne University Hospital. However, 
[18F]FCH is not specific or sensitive enough to examine prostate cancer, and 
therefore, in 2019, it was replaced by [18F]prostate-specific membrane antigen-1007 
([18F]PSMA-1007).  

In a optimization study, the protocol for the [18F]FCH examination method was 
optimized for the new PET-CT system in terms of frame duration time and value of 
the noise reduction factor, β. For injection of 4 MBq/kg [18F]FCH, a frame duration 
of 1.5 min/bed position with a β-value of 400–550 was required to obtain good 
image quality.  

The accuracy of [18F]FCH PET-CT for staging primary lymph node metastases has 
been validated, with low sensitivity (43%) and moderate specificity (70%) reported. 
To examine these results more in-depth, a second study was conducted. In this study, 
the conventional and novel PET-CT systems were validated based on their ability 
to accurately detect regional lymph node metastases. This study found large 
differences in sensitivity and specificity between the PET-CT systems but with 
almost similar total diagnostic ability. Both studies used histopathology from 
extended pelvic lymph node dissection as a reference method.  

Through a biokinetic and dosimetric study of [18F]PSMA-1007 in patients with 
prostate cancer, the last study aimed to calculate the absorbed doses and effective 
dose. The effective dose was calculated to 25 µSv/MBq, corresponding to 
approximately 8 mSv for a ”standard patient”. 

In conclusion, this thesis shows that the reconstruction algorithm BSREM is 
advantageous over OSEM using [18F]FCH PET-CT, but that the diagnostic accuracy 
of [18F]FCH PET-CT in detecting pelvic lymph node metastases is not good enough. 
Furthermore, the thesis shows that the effective dose generated by [18F]PSMA-1007 
supporting continued use with the radiopharmaceutical in diagnostic imaging. 
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Populärvetenskaplig sammanfattning 
Risken för att drabbas av åldersrelaterade sjukdomar ökar då vi människor blir äldre 
och håller oss friskare längre upp i åldrarna. Hjärtkärlsjukdomar är vanligast tätt 
följt av cancer. Prostatacancer är en av de vanligast förekommande 
cancersjukdomarna i världen och i Sverige den främsta cancerrelaterade 
dödsorsaken bland män (1, 2). Tack vare att diagnostik och behandling av 
cancersjukdomar blivit bättre överlever fler. Idag lever cirka 120 000 män med 
prostatacancer i Sverige och det är tre gånger fler än för bara 20 år sedan (2).  

Diagnostik och stadieindelning av prostatacancer sker bland annat genom 
bildtagningstekniken positronemissionstomografi (PET) kopplat till datortomografi 
(DT). Genom denna teknik ges unik information om sjukdomen på molekylär och 
metabol nivå (3). I mitt forskningsarbete har jag utvärderat ny teknik inom PET-CT 
vid undersökning av prostatacancer ur olika aspekter. Detta har gjorts genom att vi 
har sökt de mest optimala inställningarna för undersökningen, testat metodens 
förmåga att hitta lymfkörtelspridning, samt undersökt fördelningen av och 
strålningsrisken hos spårämnet som används vid undersökningen. Det är både 
mjukvaran och hårdvaran i PET-tekniken som utvecklats och förbättrats. 
Förhoppningen är att detta tillsammans med att nya spårämnen tagits fram ska 
möjliggöra att mindre metastaser från cancern kan upptäckas med större 
noggrannhet. 

Från en PET-CT undersökning ges en bild över kroppens uppbyggnad och dess 
funktioner där PET-kameran genererar bilden av funktionen i patientens organ och 
vävnader. DT-kameran står för bilden som beskriver kroppens 
uppbyggnad/anatomi. En liten mängd av ett radioaktivt spårämne ges till patienten 
genom en injektion i blodet. Ett sönderfall av spårämnet sker där små partiklar, 
positroner, skickas i väg. Positronerna kolliderar med elektroner och fotoner bildas. 
Dessa integrerar med detektorer i PET-kameran och en bild genereras. Fördelningen 
av det radioaktiva spårämnet mäts och avbildas genom tekniken. Då PET-CT 
metoden är kvantitativ kan ett standardiserat upptagsvärde mätas i varje pixel i 
bilden (3, 4).  

Den nya och förbättrade hårdvaran bidrar till en ökad diagnostisk noggrannhet och 
att mindre strukturer kan åskådliggöras. Bildbehandlingen i mjukvaran har 
uppdaterats vilken ger ökad kontrast mellan upptag och bakgrund i bilderna 
samtidigt som det brus som kan störa analysen är betydligt lägre än tidigare. 
Sammantaget bidrar detta till att mindre strukturer kan upptäckas i en allt större 
utsträckning (5, 6). 

Tidigare var det vanligaste att använda det radioaktiva spårämnet kolin (FCH) vid 
diagnostik och stadieindelning av prostatacancer. Tyvärr är inte FCH tillräckligt 
känsligt och specifikt för prostatacancer då FCH också tas upp i andra förändringar 
än cancer och i andra organ. Så trots att PET-teknikens utveckling möjliggör att 
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mindre metastaser kan upptäckas hindras diagnostiken av FCH. FCH har därför 
bytts ut mot det nya radioaktiva spårämnet prostata-specifikt membran antigen 
(PSMA). PSMA är mer känsligt och specifikt för prostatacancer (7). 

Genom studier på den vidareutvecklade och förbättrade hård- och mjukvaran i PET-
tekniken och det nyligen introducerade spårämnet PSMA finns förhoppningen om 
att bättre kunna hjälpa patienter med prostatacancer att få en mer noggrann och 
korrekt diagnostik och stadieindelning av sjukdomen. 
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Abbreviations and terms 
BPH,  benign prostatic hyperplasia 

BSREM, block sequential regularised expectation 
maximisation 

CNR,  contrast-to-noise ratio 

CT,   computed tomography 

ePLND,   extended pelvic lymph node dissection 

FCH,   [18F]fluorocholine 

FDG,   [18F]fluorodeoxyglucose 

mpMRI,  multiparametric magnetic resonance imaging 

MRI,   magnetic resonance imaging 

OSEM,   ordered subset expectation maximisation 

PET-CT, positron emission tomography with computed 
tomography 

PM,   photomultiplier 

PSA,   prostate-specific antigen 

PSMA,   prostate-specific membrane antigen 

RCT,  randomised clinical trials 

ROC,  receive operating characteristic 

SiPM,   silicon photomultiplier 

SPECT,  single-photon emission computed tomography 

SUV,   standardised uptake value 

TAC,  time-activity curve 

TRUS,   trans-rectal ultrasound 
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Preface 
The combination of helping people and technology attracted me to becoming a 
biomedical laboratory scientist with a specialization in Clinical Physiology 
(technologist). Nuclear medicine contributed an additional part through the work 
and knowledge about radioactivity. As I have a natural drive and am curious about 
several areas, I took my master’s degree in in Business Creation and 
Entrepreneurship in Biomedicine at the University of Gothenburg, where I also 
completed my bachelor’s degree. This education gave me, among other things, a 
longing to work in and run projects together with other professions. Within my first 
employment at Linköping University hospital, I began working with PET-CT, 
quickly becoming a favorite topic. The longing for multidisciplinary research and 
the curiosity for the functionality of PET-CT systems contributed to me wanting to 
become a doctoral student. Soon, I had the opportunity to take a combined clinical- 
and doctoral position at Skåne University Hospital in Malmö and Lunds University 
within PET-CT and prostate cancer under the supervision of Elin Trägårdh.  

Elin had exciting plans around the new PET-CT systems, which interested me as I 
understood the value of PET-CT examinations in the challenge of diagnosing and 
choosing the right treatment for patients with prostate cancer. As I worked clinically 
in parallel with the research, I have conducted some of the included PET-CT 
examinations on patients with prostate cancer. This has contributed to me being 
provided with skills in this field.  

This thesis was carried out within the PET Research in Skåne (PETRiS) research 
group, Faculty of Medicine, Lund University, and the Department of Clinical 
Physiology and Nuclear Medicine and the Department of Radiation Physics, Skåne 
University Hospital. The studies were founded by ALF Medical Faculty grants at 
Lund University, Kunt and Alice Wallenberg Foundation and the Swedish Prostate 
Cancer Foundation, and Region Skåne. The travel grants were funded by the 
Scandinavian Society of Clinical Physiology and Nuclear Medicine and the Swedish 
Association for Nuclear Medicine. 
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Introduction 

The main subject of this thesis is to evaluate various aspects of PET-CT imaging when 
examining patients with prostate cancer. 

Prostate cancer is the most common cancer type in men worldwide, and accounts in 
Sweden today for about 30% of all newly diagnosed cancer cases among men. In 
2019, prostate cancer was the form of cancer that caused the most deaths among men 
in Sweden (1, 2, 8). As prostate cancer primarily affects elderly men and as life 
expectancy increases worldwide, the prevalence of prostate cancer is expected to 
increase (2).  

Since the 1970s, positron emission tomography (PET) examination has improved the 
image quality and thereby the opportunity to diagnose diseases (9). The non-invasive 
imaging technique generates functional data to estimate diseases activity using 
radiopharmaceuticals. PET combined with computed tomography (CT) provides 
high-resolution anatomical information and attenuation correction (3, 4). As with all 
technology, PET-CT is constantly developing and improving, always aiming to 
improve examination results. Recent updates in the technology have been a shift from 
conventional photomultiplier (PM)-based PET-CT to a novel silicon-based 
photomultiplier (SiPM)-based PET-CT, as well as more accurate reconstruction 
algorithms (6). The development of radiopharmaceuticals is also advancing, with 
previously well-used [18F]fluorocholine ([18F]FCH)  being replaced by [18F]prostate-
specific membrane antigen-1007 ([18F]PSMA-1007) in the examination of prostate 
cancer (10). 

This thesis presents feasibility studies addressing various aspects of PET-CT 
examinations in patients with prostate cancer. At the beginning of this research work 
in 2017, [18F]FCH PET-CT was used to examine patients with prostate cancer. The 
machine park at Skåne University Hospital had recently undergone an update, during 
which the conventional PET-CT systems were replaced by the novel systems. With 
this update, an optimization study of the method’s image reconstruction was 
performed on behalf of the clinic. Further studies were conducted regarding the 
diagnostic accuracy of the method [18F]FCH PET-CT, but also on the conventional 
versus the novel PET-CT systems. Histopathology was used as the reference method. 
During autumn 2019, further updates of the examination method were performed at 
the clinic by replacing the [18F]FCH with [18F]PSMA-1007. With this replacement, a 
biokinetic and dosimetry study of the new radiopharmaceutical was carried out. 
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Background 

The prostate and prostate cancer 

The prostate gland 
The prostate gland is located below the urinary bladder and in front of the rectum. 
It encircles the urethra as one single exocrine gland with the size of a walnut (Figure 
1). The prostate gland is part of the male reproductive function. During ejaculation 
smooth muscle contracts and the prostate delivers prostatic fluid into the urethra, of 
importance for sperm function (11-14). In 1984, an article were published about the 
anatomy of the prostate where the currently used division of the prostate in its three 
major histologically and anatomically separated areas was described (15). These 
areas are defined as the peripheral, central, and transitional zone and are presented 
in Figure 2.  

Prostate cancer, prostatitis, and benign prostatic hyperplasia (BPH) are the most 
frequently studied conditions affecting the prostate gland. The peripheral zone is the 
most common site for prostatitis and prostate cancer. The transition zone is often 
enlarged by BPH, resulting in compression of the urethra, causing impaired voiding. 
Prostate cancer can also occur in this zone, which may be clinically and biologically 
different from cancer in the peripheral zone (12-14). 
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Figure 1. The prostate anatomy. 
The prostate gland encircles the urethra and is located below the urinary bladder and in front of the rectum. The 
prostate anatomy by William Bjöersdorff. 

 

 

 
Figure 2. Histological zones within the prostate gland. 
The prostate gland is devided in different histological zones. 1) The peropheral zone, 2) The central zone and 3) The 
transitional zone. Histological zones by William Bjöersdorff. 
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Prostate cancer 
Prostate cancer is one of the most commonly diagnosed cancers in men worldwide 
and the most common cause of cancer-related death among men in Sweden (1, 2). 
The number of men who live with diagnosed prostate cancer in Sweden is three 
times higher today than 20 years ago. This increase is partly due to an increased 
population with longer life expectancy, earlier diagnosis, and better treatment. 

Age, heredity, and external environmental factors are known risk factors for 
developing prostate cancer. The disease is rarely diagnosed before 40 years old and 
is not very common before 50 years old. Half of those who die of prostate cancer 
are greater than 82 years old, and three quarters are over 75 years old. The incidence 
of the disease varies widely across the world and between different population 
groups. The variation is believed to be due to a combination of external 
environmental factors and genetic factors, where it is difficult to define exactly what 
affects the variation (1, 2). However, studies on the prevention of the onset of 
prostate cancer using certain diets, vitamins, or selenium have thus far been 
unsuccessful (16, 17). Heredity is a strong factor in the risk of developing prostate 
cancer. Sons of men who have prostate cancer are at greater risk of being diagnosed 
than men without prostate cancer in the family. The risk increases further for 
brothers of men who have the disease. If prostate cancer is only on the mother’s 
side, the risk of a man contracting prostate cancer does not increase, as long as the 
mother has not suffered from breast or ovarian cancer (1, 2).  

Mortality from prostate cancer decreases with regular prostate-specific antigen (PSA) 
screening of men between 50 and 70 years old. However, this also leads to 
overdiagnosis and overtreatment of cancer without clinical significance, which is why 
the risk does not outweigh the benefits. Therefore, screening is advised against by the 
National Board of Health and Welfare in Sweden (18). Systematic prostate biopsies 
in men with slightly elevated PSA values often lead to prostate cancer diagnosis in 
men who would never have developed symptoms of prostate cancer (2). 

Screening studies are underway where magnetic resonance imaging (MRI) may play 
an important role as a triage test to avoid unnecessary prostate biopsies. Recently, 
the value of combining MRI and the Stockholm3-test, which is a combination of 
clinical information and a blood test of different proteins and a gene panel, was 
reported (19, 20). From this study, the first results show that the combination of 
MRI and the Stockholm3 test increases the precision of finding treatment-requiring 
prostate cancer. The results also show that overdiagnosis decreases, and fewer men 
need to undergo biopsy tests (21). 

Currently, opportunistic PSA testing takes up large healthcare resources, and 
incomplete information about this is released. To create standardization and 
streamlining of prostate cancer testing, pilot projects with organized prostate cancer 
testing have been started in Region Skåne and the Västra Götaland region, where all 
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men between 50 and 74 years old in these regions will be invited for a PSA test. 
More regions will join as time goes on (2). 

Death associated with prostate cancer is caused by metastatic disease, where the 
primary site of metastases often is in pelvic lymph nodes. Secondary sites for 
metastases are in bones. In the late and advanced stages of the disease, metastases 
also occur at other sites such as the lungs and liver (22).  

Diagnostic methods 
To find the best treatment for a patient with prostate cancer, information about the 
characteristic of the tumour and the stage of the disease are required. Prostate cancer 
is diagnosed through pathological examination of biopsies, digital rectal 
examination, and increased PSA value. A majority of prostate cancers is multifocal 
which is why a combination of diagnostic methods and imaging modalities is 
required to gather sufficient information about the extent of the disease (2). 

Primary diagnosis 
A simple blood test of PSA is commonly used first in the diagnostic setup. PSA is 
a protein in semen, secreted from the prostate, and it is needed for normal sperm 
function (23). There is a small natural leakage of PSA into the bloodstream. The 
PSA value increases with cancer, prostatitis, and BPH. The ratio between the free 
form of PSA (not bound to other proteins in the blood) and the total PSA indicates 
if a moderately elevated level of PSA is due to prostate cancer or BPH (24). 

The prostate biopsies guided by trans-rectal ultrasound (TRUS) are assessed based on 
the Gleason score classification system (1, 2, 25, 26). The patterns of cells in the 
histological preparations are estimated and graded on a 10-point scale where a higher 
number indicates more aggressive disease. The degree of the most common growth 
pattern is added to the second most common or the worst growth pattern in the 
preparation, which is summed up to the Gleason score for the entire histological 
preparation. Modifications to the Gleason score have been done over the years and 
the most recent resulted in the International Society of Urological Pathology (ISUP)-
grading where the Gleason score become grouped in a 5-point scale (Table 1 and 
Figure 3) (1, 2, 25-28). In the Swedish national guidelines for prostate cancer, a 
Gleason score of ≤6 is categorized as low risk and 3+4 as intermediate risk. Gleason 
scores 4+3 found in half of the systematic biopsies or 4+3 found in targeted biopsies 
the disease is classified as high risk. Gleason score 8 is also categorized as high risk 
and severe high-risk prostate cancer presents a Gleason score of 9–10 (1, 2). 
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Table 1. Gleason score and ISUP-grading. 
The Gleason score in relation to the ISUP-grading from the consensus conference held by the International Society of 
Urological Pathology (ISUP) 2014. 

Gleason score ISUP-grade  
≤6 1 Low risk 
3+4=7 2 Intermediate risk 
4+3=7 3 High risk if 4+3 are represented in half of the systematic 

biopsies, alternatively represented in targeted biopsies 
8 4 High risk 
9–10 5 Severe high risk 

 
Figure 3. Gleason score. 
Illustrations of histological preparations and different patterns. On the left is the original drawings by Gleason in 1966. 
In the middle presents the Gleason score modification in 2005. To the right, the changes were made at the ISUP 
conference in 2015. Image used with permission from Regionala cancercetrum (2). 

Staging 
The TNM staging system is the international gold standard to stage cancers (Table 
2). The system has some limitations due to interobserver variation when image 
examination is interpreted (2).  

Tumour (T) specifies the local stage of the tumour, which is assessed by palpation 
from the rectum and TRUS. According to European guidelines, digital rectal 
examination findings are advocated before TRUS (1). The regional nodes (N) are 
best assessed by pelvic lymph node dissection (PLND) but today also by MRI and 
CT. However, MRI and CT have low sensitivity and specificity for detecting of 
regional metastases in lymph nodes. [18F]FCH PET-CT, on the other hand, has 
higher sensitivity and specificity. For [18F]PSMA PET-CT, the diagnostic accuracy 
increases further, but so far there is no evidence of how the treatment should be 
affected in PET findings that give rise to suspicion of lymph node metastasis. 
Distant metastasis (M) of prostate cancer is dominated by skeletal metastases and 
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are primarily detected by bone scintigraphy or PET-CT but may also be detected by 
MRI or CT (1, 2). See below for more information about the different imaging 
modalities. 

Table 2. TNM classification. 
TNM-classification due to Union for International Cancer Control (UICC) 2017. 

T-stage, Primary Tumour 

T0 No primary tumour 

Tx The primary tumour is not assessed 

T1 The cancer is not palpable or detected 

T2 The cancer is palpable or detected within the prostate gland 

T3 The cancer is palpable or detected outside the prostate gland 

T4 Cancer grows into nearby structures 

N-stage, Regional (pelvic) 
Lymph Nodes 
N0 No regional lymph node metastasis 

Nx The regional lymph node is not assessed 

N1 The regional lymph node is detected 

M-stage, Distant Metastasis 

M0 No distant metastasis is detected  

M1 Distant metastasis is detected  

Table 3. Division of risk groups in prostate cancer. 
The division of risk groups is based on systematic biopsies (1, 2). 

Division of risk groups 
Low risk T1–T2a, Gleason score ≤6 and PSA ≤10µg/l 
Intermediate risk T2b and/or Gleason score 7 and/or PSA 10–19.9 µg/l 
High risk T2c–T3 and/or Gleason score 8–10 or widespread pattern of 4+3=7, and/or 

PSA ≥20µg/l 

The prostate cancer prognosis is based upon the TNM classification, PSA-value, 
and Gleason score, from where risk grouping is done (Table 3). 

Choice of treatment 
When choosing treatment, the patient’s wishes must weigh heavily. Information on 
the possible pros and cons of the various treatments should be provided, including 
any side effects that may occur. Before curative treatment, an assessment is made 
of the function in the lower urinary tract and the intestine before offering surgery or 
radiation therapy. The same applies to erectile function and how important it is for 
the individual patient to preserve it. Patients with very low- or low-risk prostate 
cancer are recommended active surveillance, where curative treatment may become 
relevant later. Active surveillance involves the follow-up of untreated prostate 
cancer if the aim is to provide curative treatment if the disease progresses. In the 
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case of a life expectancy of fewer than 10 years, or in the case of comorbidity where 
the cancer is not expected to contribute to premature death, watchful waiting is 
recommended and with palliative treatment, commonly hormonal treatment, when 
symptoms occur. Treatment options for intermediate-risk prostate cancer are 
radiation therapy or radical prostatectomy if the life expectancy is more than 10–15 
years (1, 2). Radical prostatectomy is done either with open surgery, laparoscopic 
technique, or robot-assisted laparoscopic prostatectomy. The prostatectomy 
techniques can be combined with extended pelvic lymph node dissection, ePLND 
(29). External radiation therapy or low-dose brachytherapy can be used with 
curative intent. In the use of low-dose brachytherapy, radioactive seeds are placed 
in the prostate using a perineal approach under anaesthesia. The local radiation dose 
is high in the tumour area but low in surrounding organs. Patients with high-risk 
prostate cancer may also be eligible for curative treatment based on life expectancy. 
This is discussed at a multidisciplinary conference. Patients with high-risk prostate 
cancer and clinical tumour stage cT1–2 may be eligible for either radiation therapy 
combined with hormone therapy or radical prostatectomy. For locally advanced 
prostate cancer at stage cT3, radiation therapy is combined with hormone therapy 
or randomized between surgery or radiotherapy in the SPCG-15 study  (30, 31). 
Treatment for those patients with very high-risk prostate cancer is like the treatment 
for patients with high-risk prostate cancer after staging for metastases. In patients 
with stage cT4, radiation therapy in combination with hormone therapy is 
recommended (1, 2). To calculate the risk assessment of positive lymph node and 
biochemical recurrence, nomograms, such as D’Amico (32, 33), are used by 
entering the Gleason score, clinical stage, and PSA. The conventional imaging 
modalities to predict lymph node involvement were bone scintigraphy and CT scan, 
but PET-CT and MRI are used more often today (2, 29).  

Biochemical recurrence 
Within 10 years of definitive treatment of prostate cancer, biochemical recurrence, 
increased PSA values occurs in 20–40% of patients. Within those, 10–70% of the 
patients get bone metastases within 5 years. Biochemical recurrence, defined as 
measurable PSA in blood at <0.20 ng/ml with a subsequent confirmatory value, is 
usually the first sign that the prostate cancer has recurred locally or metastasized 
after radical prostatectomy. A different definition of recurrence is used after 
radiotherapy according to the Phoenix criteria with PSA nadir, the lowest PSA value 
after radiotherapy, plus 2.0 ng/ml (34). The PSA value doubling time, Gleason 
score, and pathological stage are significant parameters for whether biochemical 
recurrence will generate metastases. PSMA radioligands PET-CT has shown high 
sensitivity and specificity in detecting remaining cancer in biochemical recurrence 
after prostatectomy and radiation treatment and is recommended in several 
guidelines. Other imaging techniques do not provide relevant information (1, 2, 35). 
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Positron emission tomography-computed tomography 
Positron emission tomography combined with computed tomography (PET-CT) is 
a non-invasive nuclear medicine imaging technique that generates functional and 
anatomical images in one session. One gantry with two scanners and a patient bed 
makes up the multimodality system. To produce functional images, PET uses 
molecules labelled with radiotracers, also called radiopharmaceuticals, which 
contains biologically active molecules labelled with a non-stable radioactive 
nuclide. Depending on the organ or metabolic process of interest the biological 
molecules are changed to resemble the physiological substance. CT uses x-ray to 
map the anatomy within the body and it also assists with attenuation correction of 
the PET image. Like other nuclear medicine techniques, PET-CT can detect 
pathophysiological changes at an early stage before the symptoms are clinically 
evident and anatomical changes have occurred (36). PET-CT is mostly used within 
oncology to assess the stage and recurrence of the disease and evaluate treatment of 
the disease. It is also used in cardiology, neurology, and different inflammatory, and 
infectious diseases (36-40). Through the fused PET-CT images, the course of the 
disease can be followed. 

Radiopharmaceuticals 
Radiopharmaceuticals are used to visualise and examine the function within an 
organism at PET-CT. Radiopharmaceuticals are biologically active “carrier 
molecules” (pharmaceuticals) with either one atom replaced with a radioactive 
nuclide (e.g., flourine-18) or a radionuclide attached to a molecule/peptide (e.g., 
galluim-68). To assess different cancer diseases fluorine-18 (18F), carbon-11-methyl 
(11C) and gallium-68 (68Ga) are some of the most important radionuclides, and (18F) – 
with its 109.7 min half-life – is most used (41). Different radiopharmaceuticals are 
used depending on the organ or metabolic process to be examined. In general, 
[18F]fluorodeoxyglucose ([18F]FDG) is the most frequently used radiopharmaceutical, 
but for examination of prostate cancer acetate, sodium fluoride (NaF), choline, or 
prostate-specific membrane antigen (PSMA) are mostly used (41, 42). 

[18F]fluorodeoxyglucose 
[18F]FDG is the most common PET radiopharmaceutical. It is a glucose analogue 
that enters the cell using glucose transporters in the cell membrane. [18F]FDG is not 
metabolised as glucose molecules; the [18F]FDG will, therefore, be trapped in the 
cell, which makes it possible to image (43, 44). Uptake of [18F]FDG is detected in 
malignant tumours, inflammations, and infections (36-38, 40). It is also used to 
examine the presence of dementia, but here it is the lack of uptake of [18F]FDG that 
is measured (40, 45). Many cancers are characterized by rapidly dividing cells and 
upregulated glucose metabolism. However, prostate cancer often has a low 
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metabolic activity, which might mean that [18F]FDG will not be useful (35). Also, 
[18F]FDG is excreted in the urine, and thus lesions near the bladder can be covered 
(41, 44). In patients with aggressive primary tumours and with biochemical failure, 
[18F]FDG may be useful for staging and site localization of disease in some patients 
with prostate cancer (42, 46). 

Acetate 
Cells use acetate in their energy metabolism, and radiolabelled acetate reflects the 
lipid metabolism. [11C]acetate PET-CT is routinely used for primary diagnosis, 
staging, and therapy evaluation of patients with prostate cancer. Malignant 
accumulation of [11C]acetate is also a strong predictor of survival in patients with 
biochemical recurrance after completed prostatectomy (47-50). Studies have shown 
that [11C]acetate performs worse than [68Ga]PSMA-11 in the detection of suspected 
and established lymph node metastases and bone metastases (50). In larger patient 
groups, [11C]acetate becomes difficult to use as the half-life of (11C) is relatively 
short, 20 min. In addition, only a small amount is produced at a time, which is also 
expensive for larger patient groups. 

Sodium fluoride 
[18F]NaF PET-CT provides information about osteoblastic activity and bone 
remodelling, where the response to treatment in patients with prostate cancer 
metastases is assessed through the examination method. The method has many 
similarities with bone scintigraphy which is performed using technetium-99m-
labelled bisphosphonate compound and planar bone scintigraphy with or without 
single-photon emission computed tomography (SPECT). However, [18F]NaF is 
superior to bone scintigraphy as the soft tissue clearance is faster for [18F]NaF as well 
as having a greater bone uptake, i.e., shorter examination time and higher bone-to-
background contrast. However, bone scintigraphy is more easily accessible (46, 51). 

Choline 
Trapping of choline occurs in the formation of phospholipids in the cell membrane 
of the tumour and choline kinase is upregulated in malignant tumours. Radiolabelled 
choline is trapped to a greater extent in cancer cells and is thus a suitable radiotracer 
that reflects cell membrane turnover in the body (35, 41, 44, 52). [11C]choline or 
[18F]fluorocholine ([18F]FCH) are widely used in the diagnosis of prostate cancer 
and its recurrence, but also in monitoring the effect of therapy (Figure 4) (1, 40, 46).  
The specificity is higher for [18F]FCH than for [11C]choline for detection of local 
lymph nodes and distant metastases of prostate cancer (35, 40). 

Choline PET-CT is not considered to reach clinically acceptable diagnostic 
accuracy for detecting lymph node metastases due to low sensitivity and moderate 
specificity (1, 53, 54). It has, therefore, been replaced by PSMA in many 
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institutions. Choline may have a potential role in prostate cancer cases that are 
negative for PSMA (46). 

Figure 4. [18F]FCH PET-CT 
Pelvic transversal images in a patient with high-risk prostate cancer undergoing [18F]FCH PET-CT. The arrow points 
to the [18F]FCH uptake in a pelvic lymph node. Image A represents the PET image, B the CT image, and C the fused 
PET-CT image. 
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Prostate-specific membrane antigen  
In prostate cancer, the expression of PSMA increases 100- to 1000 times on the 
surface of prostatic cancer cells compared to normal tissue. PSMA is a 
transmembrane glycoprotein and is naturally expressed in the cytosol of normal 
prostatic tissue. However, PSMA is also expressed in non-prostatic malignancies, 
sarcoidosis, and benign bone diseases, contributing to false-positive findings (1, 7, 
46, 50, 55). 

PSMA-ligand PET-CT is used to examine patients with prostate cancer for initial 
staging or to identify recurrence sites (Figure 5) (56). [68Ga]- and [18F]-labelled 
PSMA PET-CT is considered to reach clinically acceptable diagnostic accuracy for 
detection of lymph node metastases due to its excellent contrast-to-noise ratio 
(CNR) that generates higher sensitivity in comparison to radiolabelled choline (1, 
55, 57). The performance of [68Ga]PSMA-11 versus [18F]PSMA-1007 has proven 
to be similar. However, [18F]PSMA-1007 provides more non-specific uptake into 
the skeleton but a theoretical better image quality than [68Ga]PSMA-11 (57, 58). 
Another advantage of [18F]PSMA-1007 is that it is not excreted in the urine like 
[68Ga]PSMA-11, which introduces a risk of obscuring small uptake in the vicinity 
of the bladder (58). 
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Figure 5. [18F]PSMA-1007 PET-CT. 
Pelvic transversal images in a patient with high-risk prostate cancer undergoing [18F]PSMA-1007 PET-CT. The arrow 
points to the [18F]PSMA-1007 uptake in an iliac lymph node. Image A represents the PET image, B the CT image, and 
C the fused PET-CT image. 
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Principles of PET 
The radiopharmaceuticals used in PET examinations are administrated via 
intravenous injection into the patient’s blood. The tracer is distributed in the body to 
portray the process of interest after a known time. For example, uptake from the 
radiopharmaceutical [18F]FCH in prostate (but also in other organs) and lymph nodes 
in prostate cancer can be seen in the PET image after a 60-min accumulation time. 
Positively charged electrons, positrons, are emitted from the radioactive nuclide. The 
positron annihilates with an electron producing two high-energy photons (E = 511 
keV) travelling in approximately opposite directions. The annihilation is usually 
located within a small distance, a tenth of a millimetre, from the decaying atom. The 
PET image is based on quantitative information about the detection of the photons. 
When two photons emitted between the detectors are detected in a short time window, 
the detection is called a coincidence event and paired as a true coincidence pair. In 
general, the number of detected coincidence events will be proportional to the number 
of radionuclides in the line of response. Based on this statement, coincidence events 
are processed to reconstruct the image. Random and scattered coincidence can also 
occur, which can be detected and classed as false coincidence pairs. In a random 
coincidence, only one photon from each of two decaying atoms is detected within the 
time window while their counterparts are lost to the system. A scattered, Compton, 
coincidence occurs when a photon loses some of its energy and change its direction 
on the way to the detectors (3, 4). 

The high energy photon is absorbed in the detector, interacting with the scintillating 
crystals. Here the energy of the photons is reduced to lower energy. Coupled to the 
crystals are either photomultiplier (PM) tubes or the newer generation silicon-based 
photomultipliers (SiPM), which measure the photon energy. SiPM has the 
advantage of requiring less voltage and being electromagnetically less sensitive than 
PM-tubes (6, 59, 60). PET-CT systems with SiPM have been shown to produce 
higher image quality and more sensitivity than systems without SiPM (59, 61, 62). 

The system localizes the annihilation position, and the measurements are organised 
through a histogram matrix from which image reconstruction occurs to format the 
PET image (3, 4).  

Reconstruction algorithms 
Image reconstruction is the process where collected raw data forms the PET image. 
Reconstruction of PET images is done by using the coincidence events detected to 
provide cross-sectional images of the radiopharmaceutical distribution (3, 4). 

Image reconstruction algorithms are based on iterative methods in modern PET-CT 
scanners. In iterative reconstructions, estimates are made of an image in different 
steps. These estimates are repeated until the image best represents the real object. A 
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common reconstruction algorithm is called ordered subset expectation 
maximisation (OSEM) (3, 4, 40). 

The resolution in the image increases with an increased number of iterations, which 
is why small objects require more iterations. Along with an increased number of 
iterations, the noise also increases. A post-reconstruction smoothing filter is used to 
regulate the noise. However, the filter reduces the resolution of the image. A balance 
between resolution and noise is required when choosing the number of iterations 
and post-filters in the reconstruction (3, 4). 

By including calculations of neighbouring voxels, the development of iterative 
reconstruction has taken further steps forward. This is the basis for block sequential 
regularised expectation maximisation (BSREM) (6). One commercial application of 
BSREM is called Q.Clear (GE Healthcare, Milwaukee, WI, USA) (63). Compared 
to OSEM, BSREM can maintain a low noise level as the number of iterations 
increases. This reduces the need of “stopping early” as a strategy for noise control 
and allow for more iterations while keeping the noise level at acceptable levels. 
BSREM has a penalty factor β, which suppress the noise based on user input. 
However, the resolution is reduced when noise is suppressed (6). 

Through optimizing the reconstruction, safer results with fewer uncertain lesions 
can be ensured, and image assessment becomes more efficient. This thesis presents 
an optimization study of the novel reconstruction algorithm BSREM versus the 
OSEM algorithm (64). Studies have shown better quantitative accuracy of 
standardised uptake value (SUV), especially in small lesions when using BSREM 
when OSEM and BSREM have been compared (5, 63, 65-70). 

Quantification in PET imaging 
The radiopharmaceutical accumulation can be quantified by both PET and SPECT; 
however, it is not done as often with SPECT. In this way, PET has an advantage 
over other nuclear medicine techniques by quantifying radiopharmaceutical 
accumulation (3, 4). The quantification is mostly expressed as the SUV where the 
activity concentration in relation to the amount of activity injected and the patient’s 
body weight is measured (Equation 1). However, the quantification is affected by 
some deficiency in the PET technology, such as the spatial resolution, spill-in effect, 
and reconstruction algorithm, which can cause difficulties in detecting small lesions. 
The quantification is also affected by biological effects, such as body size 
measurement and blood glucose concentration. These technological and biological 
factors, among others, highly impact the SUV of lesion size, volume, and contrast 
recovery. Although SUV is used to quantify a PET examination, SUV will differ 
between examination on different PET-scanners and from one day to another, which 
represents a problem in clinical and research imaging (71).  
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SUV =      /   Equation 1 (71) 

Other imaging modalities 

Bone scintigraphy and SPECT 
Bone scintigraphy is a commonly used method for detecting bone metastases by 
showing the osteoblastic activity in the bone (72, 73). By binding the radionuclide 
technetium-99m (99mTc) to a bisphosphonate compound, hydroxymethylene 
diphosphonate as an example, [99mTc]Tc-HDP, the osteoblastic activity can be 
followed. Increased osteoblast activity thus results in increased nuclide uptake (72, 
73). Figure 6 shows the two-dimensional planar images of patients with prostate 
cancer. Planar bone scintigraphy can be combined with SPECT-CT over a certain 
area of the body, often the pelvis. The 3D SPECT images combined with a CT can 
identify, for example, metastases hidden by the activity in the bladder in the planar 
images. It can also increase the diagnostic certainty, for example, better differentiate 
an uptake into a degenerative or metastatic lesion. The sensitivity of planar bone 
scintigraphy is limited by the anatomical location of the lesion. Together with 
SPECT-CT, the sensitivity increases slightly. In contrast, (18F)-PET is more 
sensitive to detecting benign and malignant bone lesions (46, 74). 

 
Figure 6. [99mTc]Tc-HDP Bone scintigraphy. 
High-risk prostate cancer patient with skeletal metastasis in the left femur. 
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Computed tomography 
CT provides detailed anatomical cross-sectional images through x-rays. An x-ray 
tube and detector are connected opposite each other and rotate around the 
continuously moving patient table at the same time as the x-rays are emitted and 
detected. The density and permeability of the organs affect the number of x-rays 
absorbed in the various organs and the amount of x-ray that can integrate with the 
detector. The CT technology acquires images for every 360 degrees, allowing highly 
detailed images of the body’s anatomy to be generated in three dimensions. Injuries 
and diseases of organs can be detected, localized, and classified with CT. When 
examining with CT, an intravenous and/or oral contrast agent is usually used to 
enhance the contrast between the different structures of the body. In combination 
with PET, CT contributes with anatomical information and data for attenuation 
correction of the PET-CT image. Attenuation correction is applied to overcome 
quantitative imaging errors from different types of coincidence, such as missing 
photons due to attenuation in random coincidence and scattered photons in Compton 
coincidence (75).  

The imaging modality is recommended in the Swedish care programme for prostate 
cancer for staging patients with intermediate- and high-risk prostate cancer (2). CT 
can provide information about regional and distant metastases where pelvic lymph 
nodes metastases and bone metastases are most common in prostate cancer. 
Information about the size and shape of lymph nodes can be provided, where 
enlarged lymph nodes indicate possible lymph node metastases. Sclerotic lesions in 
the bone may indicate bone metastases. Metastases detected in the lungs and liver 
occur mainly in the later stages of the disease (22, 76, 77). 

When comparing PSMA PET-CT and conventional imaging (defined as combined 
findings of CT and bone scintigraphy) in detecting pelvic lymph node metastases in 
patients with high-risk prostate cancer, PSMA PET-CT proved to have superior 
diagnostic accuracy to conventional imaging (46, 78, 79). In one of the studies, 
PSMA PET-CT had a 27% absolute higher AUC for accuracy than conventional 
imaging. This was also reflected for sensitivity (38% versus 85% for conventional 
image and PSMA PET-CT, respectively) and specificity (91% versus 98%, 
conventional image and PSMA PET-CT, respectively) (78).  

Magnetic resonance imaging 
Magnetic resonance imaging (MRI) produces images through essentially three 
parts: a strong magnetic field that affects the hydrogen atoms in the body; gradient 
magnets that are rapidly turned on and off (creating small local variations and 
enabling visualization of all planes in the body); and the third part that contains 
components that transmit and receive radio-frequency pulses (80). With MRI, 
injuries and diseases of organs and certain parts of the skeleton can be detected, 
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localized, and classified. Both anatomical and functional sequences are produced 
without using ionizing radiation. Detailed anatomic assessment and soft-tissue 
resolution of the prostate is generated by multiparametric (mp) MRI (46). mpMRI 
has a higher sensitivity for clinically significant prostate cancers than TRUS, bone 
scintigraphy, CT, and PET-CT. However, the specificity is low for mpMRI; this is 
why an image-guided biopsy is important in assessing prostate cancer. (81-83). 

Trans-rectal ultrasound 
TRUS is a cornerstone of prostate cancer diagnosis and is used in biopsy in prostate 
cancer (1, 84). The prostate can be imaged by inserting an ultrasound probe into the 
rectum. Biopsies are then taken with a needle which is passed through a channel on 
the ultrasound probe. Prostate biopsies guided by TRUS with or without previous 
MRI provide further important information on the diagnosis and characterization of 
the primary tumour. Biopsy of the prostate is either done blindly based on a schedule 
– which is called systematic biopsies, – or through targeted biopsies when biopsies
are taken against a cancer-suspected area designated by MRI (1, 84, 85).

Biokinetics and dosimetry 
Both in diagnostic and therapeutical nuclear medicine, knowledge about the 
distribution of the tracer in the body is important. This knowledge and understanding 
can be obtained through kinetic and dosimetry studies. Biokinetics studies examine 
how the radiopharmaceutical is distributed in the body over time, and based on this 
result, the biological half-life of the radiopharmaceutical in different organs is 
calculated. In dosimetry studies, it is investigated how much energy from the 
radionuclide is absorbed in the organs, i.e., how dangerous a radionuclide can 
potentially be for different organs and the whole body. This is presented in the 
absorbed dose and effective dose. The organs are affected both by the radiation from 
the amount of radionuclide the organ itself absorbs, so-called self-dose, and by 
radiation from other nearby organs that have taken up the radionuclide, cross-dose, 
which is also included in the dosimetry calculation (4, 86, 87). 

The distribution of a radiopharmaceutical can be monitored using quantitative 
measurement techniques, such as SPECT and PET imaging techniques; external 
non-imaging radiation monitoring with NaI probe; tissue samples from blood and 
biopsies; and excretion counts in urine and faces. The measurements are repeated to 
be able to follow the distribution of activity in the body during a certain time after 
administration. Organs that absorbed a significant amount of radiopharmaceuticals 
must be followed (87). 
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Based on the measured values, time-activity curves (TACs) can be created for each 
organ directly. However, no TACs are given for the organ on which no measurement 
has been made. To obtain these measurement values, a compartment model can be 
created, which has the advantage that it is possible to add and estimate the activity 
in organs, compartments on which no measurement has been made. The model 
describes how the activity is carried from one compartment to another through a 
known tissue, such as blood. Based on the compartment model, TACs for the 
compartments in the model can be created and thereby given mean values that better 
represent a population (87). 

One method used to calculate the radiation risk in nuclear medicine examinations is 
the dosimetry scheme Medical Internal Radiation Dose (MIRD) (86, 87). Using the 
method, the absorbed dose to the organs and the effective dose for the whole body 
can be calculated. 

When using TAC, it is important to remember that the calculation is based on the 
small population included in the study. To calculate radiation dose, factors 
developed using stylized computer phantoms are used. This, in turn, means that the 
calculated radiation dose applies as an average of a large population. Therefore, care 
should be taken to use the value when estimating the dose to an individual patient. 
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Rationale 

Examinations with PET-CT system with PET and CT modalities combined into a 
single device – has been used since the introduction of the system in 1991 by 
Townsend and Nutt (9).  

To increase the performance and accuracy to detect the location of the positron-
emission in the patient, the PET-CT hardware has been upgraded in terms of the 
number of detectors, scintillator crystals and photodetector combinations. Software 
improvement have mostly addressed data processing, reconstruction algorithms, 
and image analysis (9, 59, 60, 62, 63, 65). The method is further improved by 
developing radiopharmaceuticals that are more specific for a certain disease. 

At the beginning of the research project in 2017, the [18F]FCH PET-CT examination 
method had to be optimized for the new SiPM-based PET-CT systems since the 
systems were recently installed then. The [18F]FCH PET-CT examination method 
was used to a potential greater extent in the population in Skåne than in other 
Swedish hospitals. Therefore, the knowledge of the examination method’s accuracy, 
in its entirety but also differences between the conventional and novel PET-CT 
systems, was of great importance. The new radiopharmaceutical [18F]PSMA-1007 
was introduced at Skåne University Hospital in 2019. The knowledge about the 
biokinetic and dosimetry for this new radiopharmaceutical was limited, and, 
therefore further investigation are needed. 

This dissertation provides examples of studies that are carried out in connection with 
the installation of new PET-CT equipment and when new pharmaceuticals are 
introduced. The dissertation is important to 1) optimize the use of the examination 
method [18F]FCH PET-CT on the novel PET-CT system based on image quality and 
assessment, 2 and 3) understand the diagnostic performance of [18F]FCH PET-CT, 
also between different PET-CT systems, and 4) provide knowledge about the 
biokinetics and dosimetry of [18F]PSMA-1007. 
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Aims of the studies 

The overreaching aim of this thesis was to, for patients with prostate cancer, 
evaluate [18F]FCH with the conventional PM-based and the new SiPM-based PET 
platform and to investigate the new radiopharmaceutical [18F]PSMA-1007. This was 
done through optimization of protocols in the new PET-CT for [18F]FCH, studies of 
the diagnostic accuracy for [18F]FCH in conventional and novel PET-CT systems, 
and biokinetic and dosimetry study of the novel radiopharmaceutical [18F]PSMA-
1007. 

Specific aims 
Paper I The aim was to evaluate image quality and diagnostic performance of 

different reconstruction protocols for patients with prostate cancer being 
examined with [18F]FCH on the novel SiPM-based PET-CT. 

Paper II The aim was to assess the accuracy of detecting regional lymph node 
metastases using [18F]FCH PET-CT. Histopathology from ePLND was 
used as a reference method. 

Paper III The aim was to compare the accuracy of detecting regional lymph node 
metastases between conventional PM-based and novel SiPM-based 
PET-CT technology using [18F]FCH. Histopathology from ePLND was 
used as a reference method. 

Paper IV This study aimed to investigate the whole body-biokinetic and radiation 
dosimetry of [18F]PSMA-1007 in patients with prostate cancer. 
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Materials and methods 

All patients in this thesis had prostate cancer and were referred for PET-CT 
examination ([18F]FCH or [18F]PSMA-1007) at the Department of Clinical Physiology 
and Nuclear Medicine, Skåne University Hospital, Sweden, starting in 2017. 

Data collection procedure 
All studies are based on data from PET-CT examinations and patients’ medical 
records. The PET-CT examinations were performed similarly through the four 
studies with the difference in when [18F]FCH versus [18F]PSMA-1007 was used. 
Three different PET-CT systems were used, the SiPM-based GE Discovery MI 
PET-CT (GE Healthcare, Milwaukee, WI, USA), and the two conventional PM-
based PET-CT systems GE Discovery 690 PET-CT (GE Healthcare, Milwaukee, 
WI, USA), and Philips Gemini TF (Philips Healthcare, Cleveland, OH, USA). 
OSEM and BSREM with different β-values and frame durations were used as 
reconstructions algorithms.  

The patients in the optimization (Paper I) and both studies on diagnostic accuracy 
(Paper II and III) were fasting a minimum of 4 h before the intravenous injection of 
4 MBq/kg [18F]FCH. The PET-CT examination was performed after an 
accumulation time of 1 h after the injection. The images were acquired from the 
upper thigh to the base of the skull with a frame duration of 2.0 min per bed position. 
A diagnostic CT was also obtained from the upper thigh to the base of the skull. The 
patients in studies II and III underwent ePLND after the PET-CT examination. 

In the biokinetic study (Paper IV), a first blood sample was taken just before the 
intravenous administration of 4 MBq/kg [18F]PSMA-1007. The intravenous 
injection was given 3 min before the first of eight PET-CT scans was started. The 
remaining seven PET-CT scans were performed 10, 20, 30, 60, 120, 210, and 330 
min after injection. Blood samples were taken just before the scans started and all 
urine during the day was collected. Figure 7 describes the duration time of the 
different scans. Regions of interest were drawn in the PET-CT images to segment 
the organs to determine the amount of activity in the organs. 
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Overview of the thesis 
Table 4 summarizes the four studies included in this thesis. 

Table 4. Overview of the four studies in this thesis. 
BSREM = block sequential regularisation expectation maximisation; ePLND = extended pelvic lymph node dissection; 
FCH = [18F]fluorocholine; PET-CT = positron emission tomography with computed tomography; PM = photomultiplier; 
PSMA = [18F]prostate-specific membrane antigen-1007; ROC = receiver operating characteristics; SiPM = Silicon 
photomultiplier 

Paper I 
Optimization study 

Paper II 
Diagnostic accuracy 
study 

Paper III 
Diagnostic accuracy 
study 

Paper IV 
Biokinetic study 

Aims To compare image 
quality and diagnostic 
performance of 
different 
reconstruction 
protocols for patients 
with prostate cancer 
being examined with 
FCH on a SiPM-based 
PET-CT 

To assess the 
accuracy of 
detecting regional 
lymph node 
metastases using 
FCH PET/CT. 
Histopathology from 
ePLND was used as 
the reference 
method. 

To compare the 
accuracy of detecting 
regional lymph node 
metastases between 
conventional PM-
based and novel 
SiPM-based PET-CT 
technology using 
FCH. Histopathology 
from ePLND was 
used as the 
reference method. 

To investigate the 
whole body-
distribution and 
radiation 
dosimetry of 
PSMA in patients 
with prostate 
cancer. 

Number of 
participants 

13 252 177 12

PET-CT system GE Discovery MI GE Discovery MI 
Philips Gemini TF 
GE Discovery 690 

GE Discovery MI 
Philips Gemini TF 

GE Discovery MI 

Reconstruction 
algorithm 

BSREM 
OSEM 

BSREM BSREM BSREM

Data Image analysis, 
assessment and 
interpretation of 
images 

Absence/presence 
of suspected lymph 
node metastases, 
PET-CT vs. ePLND 

Absence/presence of 
suspected lymph 
node metastases, 
PET-CT vs. ePLND 

Biokinetics and 
Radiation 
dosimetry 

Data collection 
methods 

PET-CT imaging data 
reconstructed in 
different β-values and 
frame durations 

PET-CT imaging 
data 
Medical records 

PET-CT imaging 
data 
Medical records 

PET-CT imaging, 
blood and urine 
sampling 

Statistical 
analyses 

Friedman ranking test, 
Wilcoxon signed-rank 
test, Kruskal-Wallis 
test, Mann-Whitney U-
test, Bonferroni 
corrections for multiple 
tests 

Sensitivity, 
specificity, the 
positive predictive 
value, the negative 
predictive value 

Chi-square test, 
Mann-Whitney U-
test, Sensitivity, 
specificity, positive 
predictive value, 
negative prdeictive 
value, ROC analyses 
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Data and assessment tools 

Image analysis (study I) 
Quantitatively, the [18F]FCH PET-CT images were analysed regarding SUV in 
suspected lymph node metastasis, local background, and muscle background to be 
able to calculate the CNR and the image’s noise level as the coefficient of variation. 

Assessment and interpretation of images (study I) 
Subjective assessments of image quality were made by five nuclear medicine 
physicians. Interpretations of the number of suspected metastases in lymph nodes in 
images were made by two experienced nuclear medicine physicians. 

Absence/presence of suspected lymph node metastases, [18F]FCH PET-
CT vs ePLND (study II and III) 
The absence/presence of suspected lymph node metastases detected by the 
[18F]FCH PET-CT examination was compared with the actual presence of lesions 
at ePLND to understand the accuracy of the PET-CT technology and 
radiopharmaceutical in the first diagnostic accuracy study. To understand these 
results more in-depth, a comparison between the conventional PM-based and the 
novel SiPM-based PET-CT system in the ability to detect suspected lymph node 
metastases was performed in a second diagnostic accuracy study. Also, the 
diagnostic accuracy for metastatic lymph node detections for both PET-CT 
systems was analysed using an area-under-the-curve receive operating 
characteristic (ROC) analysis. The studies were made based on the patient’s 
medical records and the clinical report for the PET-CT examination. The clinical 
report for the pathology was used as reference method in both studies.  

Biokinetics and radiation dosimetry (study IV) 
The biokinetics of [18F]PSMA-1007 was followed by the region of interests drawn 
around the organs in the PET-CT images, using the Research Consortium for 
Medical Image Analysis (RECOMIA) platform (www.recomia.org) (88). Through 
RECOMIA the amount of activity in the organs for each scan was obtained. Based 
on the activities in the organs together with the amount of activity in blood and 
urine, a compartment model was constructed using MATLAB (MathWorks, Natick, 
MA, USA). From the compartment model, was TACs for each organ produced 
which was used to calculate the radiation dosimetry of [18F]PSMA-1007 by using 
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the dosimetry program IDAC-Dose 2.1 (89). From the TACs, IDAC calculated the 
absorbed dose for each organ and the effective dose for the whole body. 

Data management and statistical analyses 
All data were entered into IBM SPSS Statistics version 26 (IBM Corp., Armonk, 
NY, USA) for analysis. Stata 16.0 (StataCorp LLC, College Station, TX, USA) was 
used to calculate the p-value of the ROC-analysis in the second diagnostic accuracy 
study. 

The data were presented using descriptive and analytic statistics. Non-parametric 
statistics were used because the data were skewed. For the comparison of contrast-
to-noise ratio for the different reconstructions in the optimization study, the 
Friedman ranking test was used since the same observations was included in all 
groups. The Wilcoxon signed-rank test was used as a post-hoc test. Differences in 
image quality between the different reconstructions was examined with the Kruskal-
Wallis test. The Mann-Whitney U-test was used for post-hoc comparisons. When 
testing multiple comparisons, Bonferroni corrections for multiple tests were used. 

The diagnostic accuracy of [18F]FCH PET-CT for detecting regional metastases in 
prostate cancer was examined in the study II and III using histopathology in lymph 
node dissection as the reference method. Sensitivity, specificity, and positive- and 
negative predictive values were presented for all patients and analysed based on risk 
groups in the first diagnostic accuracy study. In study III, sensitivity, specificity, and 
positive-, and negative predictive values were calculated per patient and per side (right 
and left). The ROC analyses were used to evaluate the diagnostic test. The comparison 
of baseline variables for patients examined on either of the different PET-CT systems 
was made using the Mann-Whitney U-test. A chi-square test was performed to 
summarize the relationship between group and outcome in the cross tables.  

The confidence intervals were 95% for the respective groups in the diagnostic 
accuracy studies. P-values less than 0.05 were considered statistically significant in 
all papers. 

Ethics 
All studies in this thesis comply with the Declaration of Helsinki. The optimization 
study was regarded as a clinical development assessment with anonymized images 
before analysis. Therefore, no ethical board evaluation was required according to 
Swedish law. The other studies were approved by the Regional Ethics Committee 
in Lund (#2018/690, #2016/417, 2018/750 and #2020-00689, respectively). The 
participants in all studies gave their written consent before enrolment. 
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Results 

The main findings of the different papers are summarized in this section. 

Image analysis (study I) 
After injection of 4 MBq/kg [18F]FCH, BSREM with a frame duration of 2.0 min 
with β 300 showed the highest median CNR (Figure 8). With the increasing value 
of β, both the lesion SUVmax and the noise level decrease. The highest and lowest 
median lesion SUVmax is presented in Figure 9, and the image noise level for the 
different reconstruction combinations is shown in Figure 10.  

 
Figure 8. CNR boxplot. 
The thick horizontal line represents the median and the box in the interquartile range (IQR). Whiskers represent the 
non-outlier range. Outliers (1.5 * IQR) and extremes (3 * IQR) are shown by asterisks and circles, respectively. The 
combinations of reconstruction parameters that reached statistical significance are indicated with stars below the 
graph. 
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Figure 9. Boxplot of lesion SUVmax. 

The thick horizontal line represents the median and the box in the interquartile range (IQR). Whiskers represent the non-
outlier range. Outliers (1.5 * IQR) and extremes (3 * IQR) are shown by asterisks and circles, respectively. The 
combinations of reconstruction parameters that reached statistical significance are indicated with stars below the graph. 

 
Figure 10. Boxplot of noise level in muscle. 
Noise level is calculated as the coefficient of variation. The thick horizontal line represents the median and the box in 
the interquartile range (IQR). Whiskers represent the non-outlier range. Outliers (1.5 * IQR) and extremes (3 * IQR) 
are shown by asterisks and circles, respectively. The combinations of reconstruction parameters that reached 
statistical significance are indicated with stars below the graph. The combinations of reconstruction parameters that 
reached statistical significance are indicated with stars below the graph. 
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Assessment and interpretation of images (study I) 
The highest median quality score was found for a frame duration of 1.5 min and β 
400–500, and for a frame duration of 2.0 min with β 300–500 (Table 5). 

The only statistically significant difference within the interpretation of lymph nodes 
in images was between 1.5 min with β 500 and 2.0 min with β 300 (p = 0.040) for 
one physician. 

Table 5. Assessment of image quality 
Five physicians assessed the image quality for ten patients on a scale of 1–5 (1 = unacceptable image quality and 5 = 
very high image quality). The median (and range) and overall image quality score are presented. 

 Observers (median, range)  
 #1 #2 #3 #4 #5 Overall 
1.5 min, β 300 2 (1–3) 2 (2–4) 2 (1–3) 3 (2–4) 2 (1–2) 2 
1.5 min, β 400 3 (1–3) 3 (2–4) 2.5 (2–5) 3 (2–4) 2 (2–3) 3 
1.5 min, β 500 3 (3–4) 3 (3–4) 3 (3–4) 3 (2–4) 3 (2–4) 3 
2.0 min, β 300 2 (1–3) 3.5 (2–4) 2 (1–5) 4 (3–4) 2 (2–3) 3 
2.0 min, β 400 3.5 (1–4) 3 (2–4) 3 (2–4) 3 (2–4) 3 (2–4) 3 
2.0 min, β 500 3 (3–4) 3 (2–4) 3 (3–4) 2.5 (2–3) 3.5 (2–4) 3 
2.0 min, OSEM 3.5 (2–4) 3 (2–4) 2.5 (1–3) 2 (2) 2.5 (2–3) 2.5 

Absence/presence of suspected lymph node metastases,  
[18F]FCH PET-CT vs ePLND (study II and III) 
In the first diagnostic accuracy study, suspected lymph node metastases were found 
on [18F]FCH PET-CT examinations in 85 (34%) of the 252 included patients. But 
based on ePLND surgery, only 31 (12%) patients had proven lymph node 
metastases, which give 54 (21%) patients with false positive [18F]FCH PET-CT 
examination (Table 6). Sensitivity, specificity, positive predictive value, and 
negative predictive value for [18F]FCH PET-CT to predict metastatic lymph nodes 
are presented in Table 7. 

Table 6. Detecting suspected lymph node metastases by histopathology and [18F]FCH PET-CT. 
 Lymph node status by histopathology  

Positive Negative Total 
Lymph node status 
by PET-CT 

Positive 31 54 85 
Negative 41 126 167 

 Total 72 180 252 

Table 7. Accuracy of [18F]FCH PET-CT. 
Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for prediction of lymph node 
metastases by [18F]FCH PET-CT (95% confidence interval) with histopathology report as the reference method. 

Accuracy of PET-CT 
Sensitivity 0.43 (0.32–0.55)  
Specificity 0.71 (0.63–0.76) 
PPV 0.37 (0.27–0.43) 
NPV 0.76 (0.68–0.82) 
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For the second diagnostic accuracy study, 19 (20%) patients examined on the PM-
based PET-CT system were regarded as having suspected metastatic lymph nodes, 
whereas nine (9%) patients were proven to have positive lymph nodes based on 
histopathology. Thirty-eight (40%) patients examined on the SiPM-based PET-CT 
system were regarded as having suspected metastatic lymph nodes, whereas 11 
(12%) patients were proven to have positive lymph nodes based on histopathology 
(Table 8). 

Sensitivity, specificity, positive predictive value, and negative predictive value per 
patient and per side for the PM-based and the SiPM-based PET-CT system are 
presented in Table 9. 

The areas under the ROC for the systems were similar: 0.57 for the PM-based PET-
CT and 0.58 for the SiPM-based PET-CT (p = 0.89). 

Table 8. Per patient analysis and per side analysis in detecting lymph node metastases using [18F]FCH the 
conventional PM-based or the novel SiPM-based PET-CT system. 

  Lymph nodes at histopathology 

Lymph nodes at PET-CT  Positive Negative Total 

Per patient analysis 
PM-based PET-CT 

Positive 9 10 19 
Negative 21 53 74 
Total 30 63 93 

SiPM-based PET-CT Positive 11 27 38 
Negative 8 38 46 
Total 19 65 94 

Per side analysis 
PM-based PET-CT 

Positive 6 5 11 
Negative 24 58 82 
Total 30 63 91 

SiPM-based PET-CT Positive 9 21 30 
Negative 10 44 54 
Total 19 65 84 

Table 9. Per patient and per side accuracy analysis using different PET-CT systems with [18F]FCH. 
Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) for prediction of lymph node 
metastases by [18F]FCH PM-based or SiPM-based PET-CT (95% confidence interval) with histopathology report as the 
reference method. 

 Per patient analysis Per side analysis 

 PM-based PET-CT SiPM-based PET-
CT 

PM-based PET-CT SiPM-based PET-
CT 

Sensitivity 0.30 (0.17–0.48) 0.58 (0.36–0.77) 0.20 (0.10–0.37) 0.47 (0.27–0.68) 
Specificity 0.84 (0.73–0.91) 0.59 (0.46–0.70) 0.92 (0.83–0.97) 0.68 (0.56–0.78) 
PPV 0.47 (0.27–0.68) 0.29 (0.17–0.45) 0.55 (0.28–0.79) 0.30 (0.17–0.48) 
NPV 0.72 (0.60–0.81) 0.83 (0.69–0.90) 0.71 (0.60–0.80) 0.82 (0.69–0.90) 
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Biokinetics (study IV) 
The activity concentration was high in lacrimal glands, salivary glands, spleen, 
kidneys, liver, and parts of the small intestine. The concentration increases over time 
for all these organs, and at the final imaging session at 5.5 h, the decay corrected 
TACs reached or approached a plateau (Figure 11). 

 

Figure 11. Time-activity curves for [18F]PSMA-1007 in patients with prostate cancer. 
Decay corrected time-activity curves (TAC) showing the precentage of injected activity at a certain time. The TACs are 
developed through the compartments modell. 
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Radiation dosimetry (study IV) 
As shown in Table 10, the highest absorbed dose is obtained in the lacrimal glands, 
kidneys, salivary glands, liver, and spleen. The effective dose for [18F]PSMA-1007 
was 25 µSv/MBq. This means that patients with a 60–100 kg weight who are 
injected with 4 MBq/kg receive a radiation burden of 6–10 mSv. This radiation 
burden is of the same order of magnitude as other common radiopharmaceuticals 
used in oncology, so it supports the continued use of [18F]PSMA-1007. 

 

Tabel 10. Absorbed and effective dose for [18F]PSMA-1007 per injected activity. 
Absorbed dosess are in µGy/MBq, and the effective dose is in µSv/MBq. 

Organ Absorbed dose 
Adrenals 37.7 
Brain 3.40 
Breast 10.6 
Gallbladder wall 44.7 
Heart wall 25.6 
Kidneys 84.5 
Lacrimal glands 97.6 
Left colon  20.6 
Liver 70.4 
Lungs 23.3 
Muscle 7.44 
Pancreas 38.0 
Prostate 9.09 
Recto-sigmoid colon 17.1 
Red marrow 21.6 
Right colon  26.9 
Salivary glands 82.9 
Skin 6.50 
Small intestine 31.8 
Spleen 66.2 
Stomach 29.1 
Testes 9.42 
Thymus 10.0 
Thyroid 11.0 
Urinary bladder wall 11.6 
Effective Dose (ICRP 60)  22.0 
Effective Dose (ICRP 103) 24.9 
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Discussion 

This thesis presents various aspects of PET-CT in prostate cancer through real-
world observational studies. The aspects were an optimization study that explained 
which reconstruction parameters contributed to the highest image quality at a given 
amount of [18F]FCH. Further, a validation study of the diagnostic accuracy of the 
[18F]FCH PET-CT examination method was compared with a reference method. To 
understand this result more in-depth, the diagnostic accuracy of the different PET-
CT systems was compared in a second study. As the [18F]FCH is not specific or 
sensitive enough for prostate cancer, this radiopharmaceutical was phased out and 
replaced by [18F]PSMA-1007. Through biokinetic- and dosimetry studies, the 
effective doses of [18F]PSMA-1007 was measured. The results support the 
continued use of the radiopharmaceutical. The thesis contributes further knowledge 
about what the routine clinical method [18F]FCH and [18F]PSMA-1007 PET-CT 
produces and adds to the examination of prostate cancer. 

In this thesis is the studies retrospective. To meet the aim of each study, patients 
who met the inclusion criteria were selected to be included meaning there has been 
no randomization. This, together with the fact that necessary data may be missing 
is some of the disadvantages of retrospective studies and way they are considered 
to have a lower degree of scientific evidence than prospective studies.  

The number of patients in each paper was based on the purpose of the studies, the 
availability of patients and their management, and the number of patients used in 
previous similar studies. There may be a risk of skewed selection of patients in terms 
of age, PSA value and stage of the disease, etc. There was no statistically significant 
difference between the groups in these aspects in the studies on diagnostic accuracy. 
No power calculation has been made for any of the studies. 

The method in this dissertation is based on real-world observational studies even 
though randomised clinical trials (RCTs) are the “gold standard” to understand the 
efficacy and safety of the medical intervention. RCTs usually give high treatment and 
diagnostic results due to strict inclusion and exclusion criteria and how to interpret the 
diagnostic images to reduce the risk of bias. Real-world observational studies evaluate 
the effectiveness of a diagnostic method in clinical practice, even though the risk for 
bias is much higher. However, real-world observational studies have become an 
important complement to RCTs (90-92). Radiolabelled choline was highly valued 
when it was introduced to the market, and together with the PET-CT systems used at 
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that time, it provided sufficient and important information about prostate cancer 
disease. Measured by today’s standards with a new generation of PET-CT systems 
and better radiopharmaceuticals, radiolabelled choline has largely been removed from 
clinical practice in the management of prostate cancer. However, it is important to ask 
whether the same approach is being repeated using radiolabelled PSMA, and similar 
studies should be carried out also for PSMA in the future. 

When introducing new PET-CT systems and radiopharmaceuticals, optimization 
work should be performed. PET-CT systems differ from each other with respect to 
hardware and software structure, which requires different settings and 
reconstruction parameters. Also, different radiopharmaceuticals have different 
uptake in tissues, which requires understanding about the specific 
radiopharmaceutical. To use a PET-CT examination method to the full, the various 
aspects need to be considered and the interpretation criteria adjusted. At the start of 
the optimization study, study I, [18F]FCH PET-CT was already in question regarding 
its accuracy for detecting prostate cancer lesions. However, [18F]PSMA-1007 had 
not yet been approved by the Swedish Medical Products Agency at that time; and is 
still not approved; but since 2019, we may use it on license. Since examination of 
prostate cancer with PET-CT was performed to a potential greater extent at our 
clinic at Skåne University Hospital compared to other clinics in Sweden, the 
[18F]FCH PET-CT was used in these examinations. When new PET-CT systems 
installation was completed, the optimization study was performed with [18F]FCH 
PET-CT. Similar optimization studies have also been conducted for [18F]FDG and 
[18F]PSMA at the clinic (93, 94). 

The first diagnostic accuracy study (study II) shows low diagnostic performance for 
[18F]FCH PET-CT where [18F]FCH is the main factor in the outcome (53). At the 
same time, the study showed lower sensitivity and specificity compared to previous 
studies (95). Possible reasons can be patient selection, PET-CT systems, ePLND 
procedure, and interpretation criteria of images. The patient group in this study was 
examined on three different PET-CT systems. To test if additional factors were 
behind the low performance, two of the PET-CT systems were examined in the 
second study on diagnostic accuracy, study III. 

The optimization and diagnostic accuracy studies are based on clinical patient 
records: PET-CT images and preparations from ePLND. As the PET-CT images and 
preparations are clinical and assessed by experienced nuclear medicine physicians 
and uropathologists, respectively, it must be assumed that the assessment is made 
correctly. However, the human factor remains, and in the chain from when the 
patient underwent the PET-CT examination to the interpretation of preparations 
after ePLND, many people are involved. As the interpretation of images is based on 
subjective assessment, the interpretation is strongly dependent on the observer. 
However, it is important to maintain reproducibility of the study as far as possible 
in order to ensure consistency in assessment between observers and clinics in order 
to establish reliable diagnostic tools. Previous inter-observer variability for 
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[18F]FCH PET-CT has been studied (96) with moderate inter-observer variability 
for local recurrence in the prostate (Fleiss’ kappa 0.55) and good for lymph node 
metastases (Fleiss’ kappa 0.89). In the optimization study the reviewers may have 
recognized the images even though the review was spread over time. 

Histopathology was used as the reference method for PET-CT in study II and III 
where ePLND was performed robot-assisted. In robot-assisted prostatectomy, 
lymph nodes are removed within a predetermined area. Lymph nodes outside this 
area are not removed as these are difficult to access with the robot-assisted method. 
In a similar published study (95) open surgery combined with a sentinel node 
technique and probe at the prostatectomy was used. This allows the metastatic 
lymph nodes to be found. The study reported higher specificity than the first 
diagnostic accuracy study in this thesis. One reason for this may be selection bias in 
that referring physicians may be more restrictive with which patients are referred to 
a new examination method. As an examination method is more routinely used in 
clinical practice, the restriction on who is referred for an examination may decrease. 
This accuracy may have contributed to patients referred to the study having 
metastatic lymph nodes. 

The interpretation of the images and histological preparation in study II and III have 
not undergone a second review, but the primary clinically given report was used. In 
future studies, the images and histopathology preparations should be reviewed to 
minimize the variance between interpretive nuclear medicine physicians as well as 
pathologists. 

A dosimetric study for [18F]PSMA-1007 has previously been done in three healthy 
volunteers (58). Since the decay rate for (18F) is well known with a half-life of 110 
min, and gives moderate radiation doses, [18F]PSMA-1007 is not considered a 
danger. Based on today’s knowledge that [18F]PSMA-1007 saves lives in the patient 
group, the benefits of the radiopharmaceutical outweigh any possible risk. However, 
due to possible future screenings of prostate cancer with [18F]PSMA-1007, 
biokinetic and dosimetry studies are important to conduct. Studies accomplished in 
the specific patient group with high-risk prostate cancer generates an understanding 
of the path of the radiopharmaceutical through the body and what retention looks 
like. The biokinetic study (study IV) was performed with only men with prostate 
cancer in the study population, the results will therefore not be generalizable. 
Furthermore, there is also a risk that patients with prostate cancer have a large 
uptake of the radiopharmaceutical in the tumour, which reduces the amount of 
activity to the rest of the body, the so-called “tumour-sink-effect”. This study design 
was used because [18F]PSMA-1007 is only used for this patient group at Skåne 
University Hospital. If, in the future, [18F]PSMA-1007 PET-CT will be used in 
populations other than prostate cancer patients, dosimetry studies for these study 
populations will be needed. 
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Conclusions 

The evaluation of [18F]FCH with the conventional PM-based and the new SiPM-
based PET platform, and the investigation of the new radiopharmaceutical 
[18F]PSMA-1007 for patients with prostate cancer provides knowledge about the 
benefits of the new PET technology - the reconstruction algorithm, the poor 
performance of [18F]FCH and that the effective dose of [18F]PSMA-1007 supports 
the continued use of the radiopharmaceutical in the examination of prostate cancer. 

• The reconstruction algorithm BSREM is advantageous over OSEM. Given 
that the new PET-CT system is used and that 4 MBq/kg [18F]FCH is 
injected, acceptable image quality is obtained at 1.5 min/bed position with 
a β of 400–550. When using BSREM a lower β should be used if a high 
CNR is desired and a higher β if a low noise level is important. 

• [18F]FCH reduces the diagnostic accuracy of [18F]FCH PET-CT in 
predicting lymph node metastasis in intermediate and high-risk prostate 
cancer. 

• There is a marked difference in sensitivity and specificity for the different 
PET-CT systems using [18F]FCH. Independent of the PET-CT system, the 
overall diagnostic performance was poor, but similar. 

• The effective dose of [18F]PSMA-1007 was calculated to 25 µSv/MBq 
which means 8.0 mSv for a “standard person” injected with 320 MBq. This 
is comparable to other PSMA radioligands and other commonly used 
radiopharmaceuticals like FDG, supporting the continued use of 
[18F]PSMA-1007 as a diagnostic imaging agent in prostate cancer. 
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Future perspective 

When introducing new clinical methods and substances, positive results are often 
very much in favour of the new methods and substances. Despite such positive 
results, it is important to be questioning and to have a humble approach. There are 
high expectations that [18F]PSMA-1007 will improve the PET-CT method in 
prostate cancer. However, multiple studies on [18F]PSMA-1007 will need to be done 
in various set-ups, similar to the studies performed with [18F]FCH. A hierarchical 
model of efficacy for diagnostic imaging studies have been suggested (97). Level 1 
concerns technical quality of the images; Level 2 addresses diagnostic accuracy 
associated with interpretation of the images; Level 3 focuses on whether the 
information produces change in the referring physician’s diagnostic thinking; Level 
4 concerns effect on the patient management plan; Level 5 are efficacy studies 
measuring effect of the information on patient outcomes; Level 6 analyses societal 
costs and benefits of a diagnostic imaging technology. Demonstration of efficacy at 
each lower level in the hierarchy is necessary, but not sufficient to assure efficacy 
at higher levels. In this thesis, Level 1 and 2 are studied. In the future, also higher 
levels of diagnostic hierarchy should be performed for PSMA PET-CT. Since 
[18F]PSMA-1007 is not only specific to prostate cancer, it should be further explored 
if it can be used in more diseases than prostate cancer (98-100). 
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